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1. Introduction:

The studying of materials and materials testing is not a new concept. People have
been using materials since the beginning of time. Modern methods of study started
with the development of the scientific method of study. Since then, numerous
improvements have been made in testing.
Materials testing .involves the identification of the properties of materials through
well-established procedures. These procedures are conducted in a manner that is both
accurate and precise. The significance of a test is in its ability to predict the
performance of a materials in service,
Data collection refers to the Iprocedures or operations that are performed to obtain data
on a material or material specimen. The ability of the investigator to select the best
possible procedure to follow, determines the effectiveness of the data collection, Even
best procedures can fail if the investigator fails to follow directions properly, skips
some of the procedures to s.ave time, or records the information improperly.
Before beginning to conduct festing on materials, the researcher should ask the
following questions: |
-  Where is‘.f this data gbing to be collected?
- When is the best time to collect the data?
- Who is going to collect the data? |
- What data need to be collected?
Materials testing deals with the measurement or quantifying of values that indicate the
properties of thg materials, Mechanical prop;erties are those that deal with the elastic
or inelastiq behavior of the material under load. The primary measurements involved
in the mechanical testing are the load applied and the effects of load applfcation.

These measurements can be also called stress and strain, respectively.
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‘The most common mechanical properties tests are tension, compression, impact,

* hardness, fatigue. ,.etc. Ideally, a test should be purposeful, reliable, replicable, within

a specified precision, and economical in both time and money.

The difference between the reading on the instrument and the true value of the
micasurement iﬁ question the error. The measurement error is also a function of the
instrument’s sensitivity. Thé sensitivity of the instrument is its abiiity to detect z;nd
respond to a change in the characteristics being measured.

There are two general classes of error: methodical and coincidental. Methodical errors
tend either constantly to inflate or constantly deflate the measured value. Coincidental
errors random occurrences that influence the results in a random fashion. They tend to
cancel each other out. Coincidental errors cannot be corrected.

It is important to publish test results so that others may share in findings. Therefore, it
is important that the report be clear in its meaning and form. A technical report of
findings is neéessary.

To help the students to practice materials testing in a systematic an scientific way, it
was decided to collect our efforts in this book and preéent it to them as a guide.

This book is different from other books in its style, presentation, and in concentrating
on the experimental part of the material science subjects with a short description of
theory that helps student as a support or reminder to the classroom instructions in
materials science with some hints to that subject in the textbook to which the student
should refer. On the other hand, it contains lots of expetiments such as macroscopic
examination, metallographic prepai'ation for microstructural  examination,
construction of phase diagrams, and surface hardening in addition to the most

common mechanical tests such as hardness, fatigue...etc.



This manual is designed to supplement the classroom instructions in Materials
Science and Engineering through demonstration of basic principles of material
properties and heavily structured laboratory work to give the student a physical “feel”
for some concepts in this subject. It was prepared to contain ten experiments that can
help in translating the theoretical knowledge gained by the student to some thing that
can be sensed. Appendices were attached to this manual which can help the students

or researchers in different ways.
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2. General Information

2.1.  Class policy

¢ Reports shall be cﬁnsidered for full credit only if submitted upon, or before,
the appointed due date. A penalty of 10% shall be assessed for each day thata
report is late. Repots may be only submitted to the mstructor or teaching
assistant. Exceptionﬁ SHall only be granted only upon medicél grounds and are
subject to the instructor’s approval.

¢+ Each report is due during the lab period following the completion of each
experiment. Report preparation is an individual effort.

¢ Regular attendance is required. Excused absence shall be given only for a
emergency or medical reasons and shall be subject to the instructor’s approval.
+ Ten quizzes shall be conducted before the experiment starts.

+ Five reports and five quizzes of the highest marks are considered for the
final mark.

+ Refusal to submit reports shall be viewed as a severe academic irregularity.
Negative weight shall be applied to the final grade for each report that is not
submitted.

2.2.  Safety Precautions

Safety in laboratory can be achieved only when common sense and consideration for

others prevails, while following the basic regulations outlined below:

1.

2.

Smoking is not allowed in the laboratory.

All accidents should be immedi.ately reported to the instructor.

Student should know the location of fire extinguishers anci how to use them.
Experiments should never be left unattended.

Student should never taste any solid or liquid chemical.



10.

11.

below.

If acids are spilled on your skin, wash with plenty cold water then consult your
instructor.

It is advisable to wear safety glasses and gloves in the laboratory.

Always wear a laboratory coat.

If acid is spilled on your clothing, bench or floor wash thoroughly with water,
then neutralize with dilute ammonium hydroxide or acetic acid respectively
and inform your instructor.

Always wash your hands with soap and water on leaving the laboratory.

The student to be aware of the safety signs in order to avoid any undesired

circumstances.

Safety sign is defined in the regulations as “a sign combining geometrical shape,

color and pictorial symbol to provide specific health or safety information (whether or

not any text is also included).”
Examples of the main types of signs are: Prohibition, warning, mandatory and safe

conditions. Examples of these signs that comply with British Standard are shown

Prohibition (BS 5378 PART 1: 1980)

Tipping
or dumping
prohibited




Fire (BS 5499 PART I: 1984)
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Mandatory (BS 5378 PART 1: 1980)
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2.3.  Presentation of data and findings

2.3.1. Technical report writing

Technical writing is characterized by its .technical squect matter, impartial and
objective presentation of facts, high concentration of complex definitions,
descriptions and mathematical expressions, and extensive use of scientific graphic
tools, including graphs and tables. As engineers, you will generally be required to
present your work in the form of technical articles and reports. Published journal
articles are much concise than reports because of the space limitations, Reports, in
general, are self — contained and require very little outside reading for complete
content understanding. For this stage, it will not be necessary to write the reports as if
you invented and designed the laboratory experiments yourself. But the report should
be written so that:

¢+ Another engineer could understand your results and use the data without

consulting with you.

¢ The Work you present to another person can play a large role in that

person’s impression of you and ybur ability (in neat and orderly fashion).

+ All reports shall be. typed and checked for spelling and grammatical errors.

A. Details
The following are some suggestions for geﬁera_l 'report writing. You will find, in
subsequent courses and in industry, that these report characﬁ:ristics are expected,
not merely appreciated.
1. Al reports shall be fyped and checked for spelling and grammatical
erTors
2. A_ll reports shall have a cover sheet, upon which the performance and

due dates. the name of the experiment, the author, other group
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members, and the course title shall all appear.

_ ?’ : | 3,  Organize your report, and clearly separate the different sections, using

k : _ appfopriate headings, numbered in accordance with their appearance
in the contents page. (See the following report structure suggestions.)

4.  The report shall have a contents page, with each of the sections
numbered and listed by page number.

5. The first page of each section shall be numbered at the bottom center.
All subsequent pages of each section shall be numbered in the upper
right-hand corner. All pages within appendices shall be numbered
with a capital letter (corresponding to the appendix name), a dash, and
an Arabic number (i.e.--A-1, B-3, etc.). All of these page numbers
shall be centered at the bottom of each page.

6.  All figures and tables shall have a title and a number. The numbers
shall be sequential. All figures and tables shall be referenced in the
body of the report. The figures and tables may be either inserted into
the running text or appended after the text, but before the appendices.

7. Figures shall be neatly drawn using straight edges, French curves, etc.
Computer drawings are preferred. Avoid freehand sketching. See the
Graphing section for details on producing acceptable curves.

8. Sometimes it may be necessary to use figures or data directly from
others s;)urces (or earlier experiments). Do not submit giued, taped, or stapled
figures on the final report. If need be,-pht;)tocopy the entire page. Of course,
remember to acknowledge the source of such data.

9. Be concise and to the point. A technical report should not read like a

novel. Always avoid using the first and second person (I, we, you, etc.).

-13-




The third person is appropriate.

10. Use the past tense at all times unless it’s truly awkward.

11. A nice finishing touch is to enclose the report in a cover. A variety of
inexpensive covers are available at most bookstores. Professional bindings
are also acceptable and preferred if the report’s volume exceeds the
capacity of slip-on covers (usually about 25 pages).

B. Form of the Report

The format described here is based upon that which is commonly used in various
research organizations. It should serve as an organizational framework for your
reports. The major divisions of your report shall be:

Introductory page:

0.0 Title page. It includes the name of the university, the name of the faculty,
the name of the department, the title of the experiment, the name of the
Student, the name of the supervisor.

Body of the report:

1.0 Introduction
2.0 Review of Basic Theory
3.0 Materials, Equipment, and Experimental procedure
4.0 Results
5.0  Discussion
6.0 Conclusion
References
Bibliography
Appendices

A numbering scheme, similar to that above, shall be used for the section titles of each

_14-




report and the content of each of the major mentioned above divisions can be

_ illustrated as follows:

_ 1.0 Introduction

The introduction serves to orient a competent technical reader to the particular subject
matter of your report. It should include general statements familiarizing the reader
with the problem under study, the laboratory technique used, and the experimental
objective to be obtained. The purpose of the experiment should be clearly outlined in
this section. It should be clear from this section why the experiment was needed in the
first place and what the outcome of such an effort will be.

A poor introduction:

In this experiment, the hot plate was positioned in a vertical plane.
Pictures taken near thermocouples 11 and 13 determined the air densities
there. These numbers were used to compute temperatures in the moving air.

A proper introduction:

The thermal energy dissipated by a vertical hot plate induces a free-
convective laminar flow in the surrounding air. The temperature distribution
within this laminar flow layer may be determined from air density
measurement, obtained by the method of optical interferometry. The purpose
of this experiment is to compare the temperature distribution determined,
through the use of a Mach-Zehnder interferometer, to the temperature
di.'stribution predicted by theory.

2.0 Review of Basic Theory

Summarize the important theoretical assumptions and present the governing equations
with some explanation of their origins (a derivation may be appropriate in some

cases). Theorems which are central to the purpose of the experiment or to the final

= b



evaluation of the data are to be presented here. For example, if the experiment
concerned the determination of the principle stresses of a structure with combined
loading, present the definitions which are essential. Derivations of these theorems are
not necessary. Rather, their relevance to the experiment should be explained. Preseﬁt
these theorems in their mathematical forms and define all symbols used. It is
sometimes customary to include the definitions of all symbols either at the very
- beginning of the report (before

the Introduction) under the heading Nomenclature or at the very end of the report
under the heading Notation.

Experiments that involve no theoretical analysis do not require the presence of this
section in the body of the report.

3.0 Materials, Equipment, and Experimental procedure

This section should focus on mentioning the materials used in the experiment and
their characteristics, the main equipment necessary to conduct the experiment, and the
important details of the physical set-up of the experiment and the experimental
procedure that was followed. A schematic diagram of the laboratory apparatus should
be included or referenced in this section. Remember that the reader is familiar with
your project. Describe any particularly important details, such as how and under what
conditions the data was collectt_ed. Describe what was used as criteria to determine that
the data was ready to be .recorded. Especially note any changes or adjustments which
were necessary for satisfactory completion of the exberiment. Remember that other
similar projects may be performed based upon your written report. Make adequate
record of the pafticular equipment used. This can range from a list of all equipment,

including serial numbers, to a simple notation of which experimental set-up was used.

-16-




4.0 Results

The result of an experiment is the reduced data presented in the form of graphs,
charts, or tables. In general, the reduction of data from the measured raw data requires
s;ame calculation. If some additional theoretical background is necessary for such a
reduction, it should be discussed in the Basic Theory section. A sample calculation of
the reduction of data should be included either in this section or in an appendix.

5.0 Discussion

Discuss the results in light of the basic theory. Any explanations of particularly good
or bad results should ble placed here. Explanations of any strengths and weaknesses of
the experimental and computational procedures are also appropriately placed here.
The questions posed in the lab handout also belong here.

6.0 Conclusion

A brief summary of the important results and a brief emphasis of the important points
of the discussion belong here. Comments with regard to the general purpose of the lab
and suggestions as to possible applications of the results or further investigations
should be included here. These are your individual comments and should reflect any
original thoughts or additional results that were obtained.

References

The literature, to which direct reference was made in the report, shall be placed here.
Paraphrasing and direct quotes are to be noted by raised numbers in the report.
Placement of the literary references shall be in the sequential order of their
Bibliography

It is very important to give proper credit to the references used in the report. This
section also shows the extent and depth of research done before the report was

written. The bibliography listings shall be alphabetical in placement and shall follow

=i




any of the currently accepted styles being taught in today’s English classes. These
listings shall include, but are not limited to, all of the works cited in the References
section.

Appendices

All detailed calculations, tables of laboratory data, analog andlor digital results, data
sheets, strip charts, computer programs, etc. should be inserted in suitable appendices
at the end of your report. These items are important, however, when included in the
main body of the report, such material constitutes a confusing digression from the
main line of argument. Thus, it is best to relegate this material to an appendix, where
an interested reader may access it if he so chooses. Organize and label the appendices
so that the reader may quickly find any particular data or calculation set.

Laboratory data sheets shall contain data that is expressed to the same degree of
accuracy as was provided by the instrument read-outs. Computed data shall also have
its accuracy restricted by the experimental data from which it was found.

C. Presentations of the Graph

Most reports shall require one or more curves. These curves summarize the data and
the results. The reader is often able to visualize trends and results that are not readily
apparent from written data. Curves are therefore very important and should be
constructed as carefully as possible. The following specifications apply to all*graphs
and curves:
a. Paper:
_ If drawn with the aid of straight edges and French curves, graphs shall
be drawn on 20 x 20 lines-to-the-inch coordinate paper, or some other
suitable scale. Standard white, typing paper is acceptable for

computer draw curves.

-18-



b. Axes:

1. The intersection of axes and their scales should be selected so that
a maximum area of the coordinate paper will be utilized.
Scaling should make efficient use of the tic marks and ruled
lines already on the page. Computer generated curves should
also have their areas used in the most efficient manner.

7. The axes shall be labeled with a descriptive title (not just
“abscissa vs. ordinate”). This title shall include information
specific to the data set (i.e.~-which cases were run, which
materials were tested, or other brief information).

3. Bach axis shall be labeled with the appropriate units of measure,
including any powers of ten by which they are multiplied.

¢. Plotted points:

1. All observed values shall be plotted as fine, clean, tiny dots.
2. A circle, about 0.1 inch in size, shall be drawn around each point.

4. When more than one curve is place upon the same page, symbols other
than the circle should be used for each different curve. Permissible
symbols, in the order of their suitability, are the square, triangle,
diamond, and cross.

d. Smooth curves:

1. A srﬁooth curve shall be drawn to represent the average of the plotted
points. It should be a fine but distinct iine, drawn with a French curve
andlor straight edge. Each plotted point represents experimental data
and the curve is the student’s interpretation of the entire data set.

2. Where there appears to be a lack of definite relationship between the

-19-




plotted values, a point-to-point curve or series of straight lines may

be drawn. The curve shall not pass through the circles enclosing the
plotted points it should stop at their circumferences.

3. Supplementary lines (i.e.--yield strength at 0.2% offset, etc.) are used,
they shall be drawn lightly or dashed and shall not be erased.

4. All points of interest on the curve shall be labeled clearly.

e. Title:

1. A descriptive title, not just “abscissa vs. ordinate” shall be used.
Include the cases that were run, material used, the loading applied,
the type of curve (stress-strain, torque-twist, toad-deflection, etc.), or
specimen description. Whatever is most appropriate.

2. The preferred location for the title is centered above the axis, slightly

higher than the tip of the y-axis. A secondary location is the lower, right-

hand corner of the page.

I Legends:

A legend, or key, that notes all symbols shall be placed upon all diagrams
containing multiple data sets.

D. Curve Correction

Oftentimes the instruments used to measure some phenomenon do not register any
readings until a considerable load has been applied to the specimen. This “gap” is
produced by the instrument’s necessity to “take up slack.” This “slack gap” results in
the curve beginning some distance frmﬂ the origin. Since it is the purpose of all
experiments to get accurate data, free from errors in instrument readings, a correction

of the data is necessary.

Such a correction of a “slack gap” is easily performed upon stress-strain curves by

-20-




making use of certain of their characteristics. A stress-strain curve should obviously

pass through the origin of the coordinate axes (since there is no strain in an object if

- there is no stress applied). The load (or stress) is determined directly (or indirectly)

from readings taken from the weighing apparatus of the testing machine. If the
machine was balanced before testing began, then the load readings should be accurate.
The readings along the vertical axis (upon which the load is usually plotted) of the
uncorrected graph are, therefore, usually correct. It is along the horizontal axis (upoﬁ
which the strain is usually plotted) that errors will exist if the uncorrected curve does
not pass through the origin.

To correct such a curve it is necessary to merely extend the straight line portion of the
curve through the vertical axis until it intersects an extension of the horizontal axis.
The point of intersection is then the true origin and the correct vertical axis may be
passed through the intersection by simply sliding it to the left. No change in the
calibration of the vertical scale will be necessary. Since the origin has moved along
the horizontal axis, however, the calibration of the horizontal scale must be changed.
An addition should be made, to each designated value on the horizontal axis, of an
amount equal to the value of the scaled distance through which the vertical axis was
moved.

Performing this correction forces the curve to pass through the origin, not by moving
the curve, but by moving the origin. All properties derived from a curve should Be
taken from the corrected curve. If no portion of the straight-line part of the stress-
strain curve exists on the uncorrected curve, the correction may not be made by using
the method outlined above.

Note: Computer generated curves are preferred. For those students without access

to a drafting package, the following manual instructions are provided.
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F.

Common Mistakes

Common mistakes can be classified as follows:

a. Improper arrangement of the report:

1.

All sections of the report should follow each other in numerical
order (i.e.--1.0, 2.0, 3.0, etc,).

A typed, organized form of the data sheet shall be placed within
the Results section. The original shall appear in an appropriate

Appendix.

b. Failure to number pages properly:

1.

The first page of each section shall be numbered at the bottom
center.

All subsequent pages of each section shall be numbered in the
upper right-hand corner.

All pages with in the Appendices shall be numbered with a
capital letter (corresponding to the Appendix name), a dash, and
an Arabic number (i.e.--A-1, B-2, etc.). This number shall be

placed at the bottom center.

c. Failure to title and/or label graphs:

See Section IV, Graphing, for the proper form and placement

of the title and labels.

d. Poor graph construction:

I

2.

The graph is the most important part of each report.

See Section IV, Graphing, for the proper form for each graph.

e. Poor conclusions:

1.

See the Conclusion paragraph of the Form of the Report section




for a description of what is desired in a conclusion.

2. Where comparison of experimental results, to accepted values is
required, the student should list the accepted numerical values. A
simple statement the experimental

results “compare favorably with accepted values” is not sufficient.

3. A simple numerical comparison of the experimental and accepted results
does not comprise a complete discussion of the results. Refer to the
objective of the experiment and make a conclusion as to whether or not
the objective was accomplished.

f. Poor grammar and/or spelling:

1. All reports shall be proofread before they are submitted. Ask a classmate
to proof your report after you have done it yourself.

2. Grammar shall be consistent with current English standards and should
get the author’s point across simply and with a minimum of wording.

3. All spelling shall be correct. Computer generated reports may be spell
checked through whatever software dictionary the student has available.
(Note: This is not proofreading. Most spell-checkers will not catch a
correctly spelled word placed incorrectly.)

4. Commonly misspelled words:

i. SPECIMEN (not speciman),

ii. SPECIMENS (plural; not specimen or specimans),
iii. RIVET (not rivit),

iv. FLEXURE (not flecture),

v. SHEAR (not sheer),

vi. TENSION (not tention), etc.
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3. EXPERIMENTAL UNCERTAINITY
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3.1 Introduction

When one is interested in learning about a physical problem, an approach, which
provide considerable insight is an investigation involving measurement of
properties of the phenomena. This approach is particularly useful when it is not
possible to gain understanding by solving the questions (if available) which
represents the physics of the problem.

While attempting to learn about a given physical property experimentally, rarely does

an experimentalist determine the exact quantity in completely direct manner. Rather,

the physical quantity of interest is usually determined through a measurement chain

consisting of the following parts:

1. Probe

2. Transducers.

3. Manipulation element.

4, Recording or display element.

In order for the measurement to be meaningful, the experimentalist must then

understand the relations between the different parts of the measurement chain as well

as the relation between the physical quantity

To be measured and the measurement chain. Only then, it is possible to determine the

relation between a final displayed output and the quantity of interest.

The parts of the measurement chain, may be further described as follows:

L Thé probe is the device which detects and converts the physical

Quantity of interest into some form of signal detectable by transducer.

In doing this, the probe should provide a clear relationship between the transducer and

the quantity of interest without disturbing the phenomena, which is detected.




1. The transducer transforms the physical quantity of interest into a form

(usually electrical) which can be more convenient for interpretation.

2. The manipulation element is a device used for acquisition and trmsﬁission of
information. The manipulating element receives the output from the transducer
and transmits it throughout the measuring system with minimal alteration.

3. The recording and/or display element transforms the output from the
manipulation element to a permanent or semipermanent form, which can be
readily interpreted. The interpretation may then be direct, or may require further
data reduction and the use of computer.

In addition to understanding this measurement chain, the experimentalist must
have some knowledge of the physical process of the environment to be measured.
Knowledge of the behavior of the system tells which physical quantities should be
measured. Also, knowledge of the characteristics of the system tells how these
should be measured. For example, without a knowledge of the system, one cannot
tell where or how to place the probes in an environment.

Knowledge of the effect of the measurement probe on the physical environment
to be measured is also necessary. The probe used for measurements should provide
as minimal disturbance to the environment as possible.

If the measuring environment is greatly altered by the presence of the probe,‘then
the measurement using the probe is less meaningful. Probes should be designed for
a given application so that maximum information at minimum disturbance is
obtained.

Some useful definitions for measurement techniques are defined as follows:

Static characteristics: characteristics of the system, which are independent of the

time.
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Static error: true value-reading of instrument.

‘Accuracy: closeness with which a reading approaches the true value.

Intrinsic. or ideal accuracy: accuracy achieved when calibrated laboratory
| conditions as opposed to working conditions .

Point accuracy: accuracy stated as percentage at one or more points on a scale.
Accuracy may be expressed as percent of full-scale range, which results in the
occurrence of large errors at the low end of a scale. A more useful concept may be
the expression of accuracy as percent of the true value.

Range: from “a” to “5”, where “a” and “b” represent the limits of instrument use.
Span: : “a” minus “b”.

Sensitivity: (1) magnitude or percentage change in the reading produced by a unit
change in the measured variable, or (2) the smallest change in the variable which
produces a noticeable change in output.

Reproducibility: degree of closeness with which a given value maybe repeatedly

measured; the absence of drift (slow changes with time) means high
reproducibility; units/given period of time.

Dynamic characteristics: characteristics of a system, which are time dependent, the

dynamic characteristics of an instrument are usually determined by subjecting it to
known variations in the measured quantity: step, linear, or sinusoidal.

Speed of response: the rapidity with which an instrument responds to changes in

the measured quantity.
Lag: delay in the response of an instrument.
Fidelity: the degree to which an instrument indicates the changes in the measured

without dynamic error.
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Dynamic error: the difference between the true value of a time varying quantity

and the indicated value.

Drift: the shift of an instrument calibration with time. No drift means perfect
reproducibility. |
Zero drift: shift of instrument calibration caused by a permanent set of slippage.
Span drift: a calibration change by a proportional amount caused by a gradual
change in measurement characteristics.

Dead zone: range of values for a measured variable, the one that the instrument

doesn’t regard.

Experimental uncertainty: the range of values about center or men value in which a

given percentage of measurements are expected to occur.

Experimental operating domain: the limits or range of operation of experimental

apparatus determined from power requirements and other variables of operation.

3.2. Uncertainty analysis and experimental error

Knowing the experimental of a measurement allows comparison to be made with the
same measurement taken under different circumstances for example, two experiments
conducted to measure the same quantity using the same equipment but at different
facilities by different persons would not be expected to produce the exact same
results. Rather, differences between the results would be expected resulting from the
instrument calibration differences, human factors influencing the measurement and
other effects. The results from experiments 'would be expected to fall within n interval
about each actual measurement point. These intervals or bands may be referred to as
experimental uncertainty, and each experiment should then be within the uncertainty

interval of the complimentary experiment. The experimental uncertainty takes into
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. FREQUENCY OF MEASUREMENT

account the error incurred within a given measurement. According to Abernethy and

Thompson there were two types of errors: fixed, and random errors. Random errors

_ can be seen in the repeated trials of an experiment conducted using the same

equipment by the same personnel. As repeated trials are made, slightly different
values of data points are obtained due to numerous small effects. In other words the
data scatters around mean value which can be estimated accurately if enough data
points are taken. The standard deviation of the data about the mean value is then a
measure of this random or precision error. A large standard deviation means a lot of
scatter of measurements. The random error for a given measurement is illustrated in
figure 1. The second type of error is fixed error, which may be also referred to as the
bias, the constant error, or the systematic error. In a given experiment the bias is the
difference between the mean value of the measurements and the actual value of the
quantity being measured. The bias would be expected to be constant for repeated trials
of the same experiment but may vary if the experiment is conducted by different
personnel at a different facility. The bias is illustrated in figure 2 and may be difficult
to calculate since the true value of the quantity being measured may not be known. In

such situation, an upper bound on the bias must be determined by engineering

judgment.
TRUE (NBS ) VALUE  AVERAGE MEASUREMENT
AVERAGE MEASUREMENT SCATTER DUE TO PRECISION
- ERROR
SCATTER DUE TO f
RANDOM ERROR L BIAS
(] G = STANDARD DEVIATION

i S’z ESTIMATE OF G |l

PARAMETER MEASUREMENT VALUE
PARAMETER MEASUREMENT VALUE

Figure 1. Precision error Figure 2. Bias error
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The uncertainty value quoted for a given measurement may give the data

measurement interval for random error, only. Such a calculation correspond to what
Moffat refers to as “first order replication” uncertainty. In such a case, the uncertainty
interval would reflect only those aspects which are not “fixed” during repeated trials.
“Uncertainty” The calibration of the instrument shouldn’t appear, because that aspect
of the system would remain in variant during repeated trials. Alternatively an
uncertainty may give the total measurement interval for a given measurement
regardless of weather the data point is repeated using different equipment, different
personnel, or in a different laboratory. Moffat calls this “Nth order replication”
uncertainty.

In specifying an uncertainty it is important to realize that a value of an uncertainty is
always dependent on the odds that another data point will fall into specified data
interval. Odds are often referred to as the confidence level for the measurement
uncertainty. For a given uncertainty interval the confidence level should increase as
the experimental measurements are made more carefully. Also, the smaller the
uncertainty bond for a given measurement, the looser the odds. In other words, fewer
measurements are expected to fall within a given interval, as the interval decreases in
size. The experimental uncertainty may then be specified as shown in equation (1.1).

R=90.1 . - 0.1 (20:1) (1.1)

The observed value Uncertainty The confidence level
Equation (1.1) then states that 19 out of every 20 measurements are expected to be
equal to or between the value 90.0 and 90.2. the 2:1 odds confidence level
corresponds to plus or minus two standard deviations about the mean if the scatter in

the measurement points follow a Gaussian or Normal distribution.
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Experimental uncertainty depends not only on the raw data from an experiment, but
a.lso on the operations involved to calculate the desired output from this data. Some
calculatioﬁs will amplify the uncertainty and some calculations will suppress the
uncertainty.

Consider a result, R, calculated from a set of independent measurements, the x;
affected by various other aspects of the experiments such as instrument calibrations,
test procedures, or hardware design. Denoting these aspects of the experiment as Pj, R

can be expressed in terms of x; and Pj as shown by equation (1.2).

B = R(x 5% %5-% 543 Parell) (1.2)

Result variables parameters

The computing equation, R, is the data reduction program. The values of x

are the inputs required. The result, R. is the numerical value of the output. The
parameters don’t explicitly appear: their effect is “ behind the scenes”.

The experimental uncertainty associated with R, designated 9R can then be considered
depending on the order of replication of R. according to Moffat. The zeroth order

replication fixes time and all other parameters, such that:

0 Rg=06R (8}{1, X7, 0X3, .. ...,8Xn) (1.3)

first order replication permits time t ovary and indicates the uncertainties due to

nonsteady behavior, 6 6. Thus,

d R] =0 R (6X1, 8)(2, 6X3, . ..,an,SB) (14)
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If an investigator is to compare his work with that of other investigators, an Nth

order replication level must be considered. The Nth order replication permits time

to vary, includes the uncertainties due to non-steady behavior, and considers

instrument identity as possible random variable. 6 R, is then given by:
& R, =& R (8x,, 8%, 8X3, .....,0%n,00, Op1, Op2, O3, Spa) (1.5)
8 R may be calculated one of several ways, if each x; were simultaneously
perturbed by an amount dx;, then & R can be expressed using equation (1.6).
& R= (8 R/6x;)dx; + (8 R/8x;)dx; + ...+ (8 R/6%,)dx, (1.6)
Equation (1.6). Gives an improper estimate of O R when some x1 are positive,

and others are pegative. This is because © R is reduced to a net value not as
large as it might be. One way to combine individual effects and preserve the true
statistical probability is given by Kline and McKlintock. Using their method, OR
is given by equation (1.7). Below:
§ R={ [(§ R/5x;)dx; I* + [(§ R/8xz)dx, I* + ...+ [(8 R/8X,)dx, I}
(1.7)

Where (1) each variable in (1.7). Is independent and comes from a Gaussian

distribution, and (2) each variable in (1.7). Described by a statement of the form:
Xi=xitdxi at(odds) = (1.8)

Where the same odds are used for each of the variables. Alternatively, the percent

uncertainty of R maybe determined by examining the logarithmic derivative of the

equation relating the uniform quantity to measured variables. A maximum possible

error maybe then computed my taking the root mean square of the error terms.
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Two different measurements are considered to show agreement when the uncertainty
bands of the two data points overlap. The agreement is considered good between two
different measurements when one of the mean values for the data is contained within
the uncertainty interval of the compared measurement point. (Uncertainty interval =
+/- two standard deviations for a 95% confidence level, as 20:1 odds). The two
measurements are considered to be in excellent agreement when the data points lie
within one half of the band for good agreement. This corresponds to an uncertainty
level of plus, minus one standard deviation for a 95% confidence level.

The experimental uncertainty for the Nth order replication of a given measurement
takes into account both the bias and the random error. An approach different from that
previously discussed may also be used for calculation of uncertainty, dR. This method
is suggested by the United States national bureau of standards, and is also used
commonly in American industry. The method calculates the experimental uncertainty
as the bias limit plus a multiple of the “precision error index” as shown in figure (1.3).
When the uncertainty is centered about the measurement.

SR =x2(B+tsS) (1.9

When the uncertainty is not centered about the measurement, the upper limit of the
uncertainty is the sum of tgs S and the upper limit of the bias interval, B+. The lower

limit of the uncertainty is defined by the lower limit of the bias interval, B+, added to

S. The uncertainty interval tgs Then ranges from dR- to dR+, where

SR =B -tosS. (1-10)

And

SR"'=B* +tsS (1-10)
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The experimental uncertainty interval for a non-symmetrical bias limit is illustrated in

figure (4).

MEASUREMENT
LARGEST LARGEST

HEGATIYE ERROR POSITIVE ERROR

(B elggh) B - tggS)

MEASUREMENT

RANGE OF
it~ B ——a PRECISION ERROR o B et

Ztas S
 S— UNCERIAINTY INTERVAL ' =t

{ THE TRUE VALUE SHOULD FALL WITHIN THIS INTERVAL
: I

Figure 3: Measurement uncertainty, symmetrical bias

MEASUREMENT

LARGEST LARGEST
NEGATIVE ERROR POSITIVE ERROR

(B -1g5 S} (B* «tgg S )

R ————

MEASUREMERNT SCALE
tg5S
RANGE OF

— —<- PRECISION
ERROR

—— . UNCERTAINTY INTERVAL —
{ THE TRUE VALUE SHOULD FALL WITHIN THIS INTERVAL )

Figure 4: Measurement uncertainty, non-symmetrical bias
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SECTIONIL DETERMINATION OF GENERAL
PROPERTIES OF MATERIALS AND MACRO AND

MICROSTRUCTURE
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EXPERIMENT No.1

Properties of Ferrous and Non-Ferrous Metals and

Alloys

1. Purpose

Metals are designated as either ferrous or nonferrous. Today many hundreds of
ferrous and nonferrous metals are in use. In general, nonferrous metals are more
costy than ferrous metals. It is not always easy to distinguish a nonferrous from a
ferrous metal, nor to separate one from another. This experiment introduce you to
several methods used to identify and compare properties, select and properly use

many of these materials.

II. Background

Review the sections in your materials science textbook covering the subject : types of

materials.

III. Introduction

There are several methods of shop testing that you can use to identify or compare
properties of ferrous and nonferrous metals and alloys. The testing methods are given
to identify ferrous metals based on physical, chemical, and other properties of the
material.

The following are some of the methods of shop testing that you can use to identify or
evaluate some properties of ferrous, non ferrous, and metals and non metals alloys.

Visual Observation test
Some metals can be identified by visual observation of their finishes. Heat scale or

black mill scale is found on all hot-rélled (HR) steels, these can be either low carbon




(0.05 to 0.30percent), medium carbon(0.30 to 0.60 percent ), or high carbon (0.60 to

1.75 percent ),or alloy steels (Figure 1). Other surface coatings that might be detected

are the sherardized, plated, case-hardened, or nitrided surfaces. Sherardizing is a

process in which zinc vapor is inoculated into the surface of iron or steel. Figure 2

reveals some of these textures.

Figure 1. Rolled bars: top-hot rolled, centre-cold rolled, and bottom-ground and

polished

JInne

Figure 2. Round bars having various surface finishes. Left to right: aluminum,
ground and polished, cold finished steel, hot-rolled steel, sheradized surface, and
zine dip suri‘ace.

Cold-finish (CF) steel usually has a metallic luster. Ground and polished (G and P)

steel has a bright, shiny finish with closer dimensional tolerances than CF. Also cold-
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drawn ebonized, or black finish are sometimes found on alloy and resulfurized
shaﬂing.

Chromium nickel stainless steel, which is austenitic and nonmagnetic usually has a
white appearance. Ferritic steel is magnetic with a bluish-white color. Manganese
steel is blue when polished but copper colored when oxidized. White cast iron
fractures will appear silvery or white. Gray cast iron fractures appear dare gray and

will smear a finger with a gray graphite smudge when touched.

Magnet Test

Most ferrous metals such as iron and steel are magnetic (that is , they are attracted to
a magnet ) but most nonferrous metals are nonmagnetic except nickel, which is
nonferrous but magnetic. Since U.S. “nickel” coins contain about 25 percent nickel
and 75 percent copper , they do not respond to the magnet test ,but Canadian “nickel”
coins are attracted to a magnet since they contain more nickel . Ferritic and
martensitic (400 series ) stainless steels are also attracted to a magnet and thus cannot
be separated from other steels by this' method (See Chemical Tests below).

Austenitic (300 series ) stainless steel is not magnetic unless it is work hardened.

Density & Specific Gravity

(Density is absolute weight per volume ; specific gravity is relative weight)

The speciﬁc gravity of a symmetric or regular shaped solid may be found by
measuring the piece to determine its volume and then weighing it on a scale. The
density or mass per unit volume thus obtained may then be compared to Tablel in
appendix D , spcific Gravity ( Density ) and Weights of some materials. Thus, it is

possible to identify the metal if it is a pure metal and if the measurements are




accurate. The volume and mass of an irregularly shaped solid may be determined by

its displacement of a liquid of known density. This experiment is usually carried out

in a chemistry or physics laboratory , using special equipment.

Selection for uses
There are agreat variety of carbon, alloy, and tool steels to select for a certain
application. Several types of cast irons are also available to the welder, machinist, or
machine designer. The properties required for that certain application is the basis for
choosing this or that material. Below is shown how some of these properties can be

checked.

File Tests
Files can be used to establish the relative hardness between two samples. As in the
scratch test, the approximate hardness of a piece of steel can be determined. Table 1
gives the Rockwell and Brinell Hardness numbers of some files. This method depends
on the skill of the user. Care must be taken not to damage the file, since filing on hard
materials may ruin the file. Testing should be done on the tip end or on the edge of the

file (Figure 3).
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Table 1. File test and hardness (Callister 2009)

[ Type of steel | Rockwell | Rockwell | Brinell File Reaction
| B c
— Mild steel 65 100 File bites easily into metal, Machines well but
makes built up edge on tool.
Medium carbon 16 212 File bites into metal with pressure. Easily
steel machine with high speed tools.
[ High alloy steel 31 294 File does not bite into metal except with
difficulty.
[ Tool steel 42 390 Metal can only be filed with extreme pressure.
Difficult to machine.
Hardened tool 50 481 File will mark metal but metal is nearly as hard
steel as the file. Machining is impractical.
Case hardened 64 Metal is as hard as the file : should be ground.
parts

Figure 3. File testing for hardness. (Lane Community College)
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Chemical Tests
Many shops may have the ability to conduct simple chemical tests. Complex
chemical tests should be done by a chemist. The surface to be tested must be very
clean and free of all scale or oil. By applying only one drop of the acid with an eyé
dropper, a solution of 6 percent nitric acid in methanol (wood alcohol) will etch, or
darken, carbon steel but will not discolor stainless steels (Figure 4). A 10 percent
nitric acid solution will etch mild steel almost immediately, while the 6 percent
solution takes about one minute. A drop of concentrated copper sulfate will leave a
copper-colored spot on clean iron or steel but not on austenitic stainless steel. Some
stainless steels react with sulfuric and hydrochloric acids. Types 302 and 304 of
stainless steel posses a high affinity to sulfuric acid. Types 316 and 317 are attacked

more slowly, leaving a tan surface.

Figure 4. Identifying stainless steel with an acid test. A 6% of nitric acid in
methanol (nital) has been applied to the stainless steel on the left and is being
applied to the mild steel on the right. The mild steel is discolored, but the

stainless steel is not.
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Hydrochloric acid (HCL) reacts with types 304, 32land 347 very rapidly, releasing

'gas. Type 302 leaves a pale blue-green solution on the surface, while types 303, 414,

and 430F have a spoiled egg odor and leave a heavy black smudge. Steels containing

selenium emit a garlic odor when attacked by HCL.

Commerical spot testers are available in kits. Stainless steel and many ferrous and non

ferrous alloys can be readily identified using these test kits. Table 2 shows the

chemical tests and reactions for some metals.

Table 2. Chemical tests and reactions for some common metals (Neely, 1989)

Stainless Steels
Carbon Types Types Types 304, | Types 303,
Reagents seel 302, ¥4 [ 316, 317 321, 347 414, 4308 Alpminom | Magnesium Nickel Muomne! Inconel
Mital — 10% | Blackens Cleans Slow *Slow No reaction
pitric acid in | surfice . surfice or reaction, resetion,
methianoed No reaction mrs gray s blue- | wiens blue-
green green
Hydrochlone | Reacts to Antacks, Aticks, Blackens Blackens Cleans Cleans Nir reaction
acid elean surlice releasing pas | leaving bluck |surface surface surface surface
No reaction smudge.
mitlen g
otlor
Copper Leaves Resacts,
sulfate copper color - Na neaction leaving heavy Mo tesction
solution black smudge
Sodium Reuts,
hydroyide Mo reaction feaves gray e reaction
smdge
Sulfuric acid {Cleans Leavey dark | Slow attack, Strongly
surface surface with | leaving tan FEHCLs,
green crystads | surface No reaction foanis, and No reaction
leaves clean
surface
Zine chioride Reacts and
salution in N resEton turns black N5 reacti
waler
Ferrous . Reacts and .
chloride No reaction s black Mo reaction

*Note. Monel may be distinguished from nicke! (they look alike) by the following test. Place a few drops of nital on the surface of the specimen. Tt will fum blue-
green il it is either monel or nickel, Then place a small piece of soft iron (a nail will doj in the solution on the sumple. [f there is uo reaction, the meal is nickel, but
if the iron twms copper colored, copper jons have been tansferred from the copper in the metal, and it can be assuned dsat it i monel. which contains copper. Zine
and tin will renct with so many ucids to wm them black that chemical tests would be of no value for them. Silver will wen black in salfurc scid, However. .most other
mectals may be identified by wsting for ferro-magnetism, density, color, or thermal conductivity.

Hardness Test

The hardness of a metal is its ability to resist local plastic deformation. There are

many ways of hardness measurements: resistance to penetration, elastic hardness, and
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resistance to abrasion are some of these ways. Here, the hardness of metals will be
determined by their resistance to penetration.

Hardness varies considerably from material to material. This variation can be
illustrated by making an indentation in a soft metals such as aluminum and then in' a
hard metal such as alloy tool steel. The indentation could be made with an ordinary
center punch and a hammer, giving a light blow of equal force on each of the two
specimens (Fig.5). In this case just by visual observation you can tell which specimen

is harder.

wflarlsnions | - — .

Hammer i 9 Hammer

N Z
\__Hammer blows __/
© of equal force

\/ ' G 4

Aluminum Steel

Figure 5. Indentation made by a punch in aluminum and alloy steel (Machine

Tools and Machining Practice)




Wrought iron is very soft since it contains almost no carbon or any other alloying

ele;ment. Generally speaking, the more carbon (up to 2 %) and other alloying elements
that steel cénfains, the harder, stronger, and less ductile it becomes. If the steel has
been annealed (softened), the hardness of a sample can help in separating low carbon
steel from an alloy steel or a high carbon steel. Of course; the best way to check for
hardness is with a hardness tester. The rockwell, brinell, and other types of hardness
testing will be studied in one of the coming experiments. Not all machine shops have

hardness testers available, in this case the following shop methods can prove useful.

Seratch Test

Geologists and “rock hounds” scratch rocks against items of known hardness for
identification purposes. The same method can be used to check metals for relative
hardness. Simply scratching one sample with another results in that the softer will be
marked (Figures 6a and 6b). Be sure that all scales or other surface impurities have
been removed before scratch testing. A variation of this method is to strike two
similar edges of the two samples together. The sample receiving the deepest
identation is the softer .

The Moh scale can provide a usual means of relating one material to another in terms
of relative hardness. The Moh scale hardness of some commonly used materials in the
shop are in Table 3. The Moh scale of hardness can provide a useful means of relating

one material to another in terms of relative hardness (Table 4).




Figure 6a. a piece of mild steel is scratched Figure 6b. The sample is now scratched
across an unknown metal sample. Since against the mild steel as a further test and i

the sample is not scratched, it is harder does scratch the mild steel

than mild steel and probably is an alloy or
tool steel

Table 3. Moh scale hardness of some commonly used materials (Callister, 2009)

Material Moh scale
Aluminum 2t02.9
Brass 3to4
Chromium 9
Glass 5
Iron 4105
Lead 135
Magnesium 2
Tool steel (hardened) - 7.5t0 8.5
Tungsten carbide 9.5
Zinc 2.5

-50-




2009) |

|
Table 4. Moh scale of hardness of some commonly used materials (Callister ‘
[ Number | Material |l
B |1 Talc {
B 2 Rock salt and gypsum ‘J
B 3 Calcite .
4 - Fluorite
i 5 Apatite
i 6 | Feldspar :
7 Quartz |
3 Topaz i
9 Corundum I‘
10 Diamond I
|

>




IV. The Experiment

The materials used in this experiment are:

¢ Steel, stainless steel
¢ Iron, galvanized iron
¢ Copper, brass, bronze
¢ Lead, tin, solder.

Used equipment

Hack saws, files, weights and weight pana, vises, pliers, magnets, vernier caliper,

micrometers and chemicals.

Experimental procedure

Perform the following tests for one group at a time and compare the results for each
metal in that group.
¢ Cutability: cut samples of 6cm length using hack saw.
¢ Density: weigh each sample, measure its dimensions, then calculate the
density.
¢ Magnetism: test each sample with a magnet, is it magnetic?
¢ Hardness: scratch the surface of each sample with a file.
¢ Impact (brittleness): hold the sample in a vice with Scm protruding from the
jaws. Drop a 100g rﬁass from a height of 1.5 m and observe.
¢ Fatigue: ﬁold the sample with pliers at each end, leaving 3cm of it between
the jaws. Bend the sample backward and forward counting how many
bends it takes to cause a fracture.
.0 Strength: hold a sample in a vice, hold the other end with pliers and pull to

cause failure, can you?
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¢ Corrosion: place each sample in a beaker of dilute hydrochloric acid for 30
min. and observe.
B Note: F or each test rank your samples as follows: softest to hardest, easy to difficult,

poor to good, low to high, as 1 to 10.




Student Notes




Properties of Ferrous and Non-Ferrous Metals and Alloys

Section

Rank

Order

Cutability

Hardness

Strength

Impact

Fatigue

Magnetism

Corrosion

Melting

Point® C

Density

G/em®
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Questions:

Which Samples are pure metals and which are alloys?

What is the difference between pure metals and alloys?
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EXPERIMENT No.2

Macroscopic examination

(Macro-etching and S-printing)

1. Purpose :

The student will select the etchant, examine and photograph the surface of a metal
specimen for the purpose of revealing surface structure, defects or inhomogeneities.
1V. Background :

Review the sectio;ns in your materials science textbook covering the subject : practical
metallography.

L. Introduction:
Macroscopic examination is distinguished from conventional metallographic
examination by the low magnification employed and the large areas examined. Low
magnification (usually not over 10x) is employed to show the entire section of a large
part that may be examined rather than macroscopic areas at one or more locations.
Macroscopic examinations reveal defects and inhomogeneities over a broad area. It
can be used to find the size and distribution of non metallic inclusions ; uniformity of
a cast, welded, rolled or forged products, and the presence of fabricating defects such
as seams, folds, flow lines or bursts, and residual ingot defects such as pipe, porosity,
and other defects.
Macroetching and subsequent examinations of parts of various stages of fabrication is
a widely used quality control and proces.s improvement measure for steel and non-
ferrous metals and alloys.
Selection of a specimen for macroscopic examination should be made with proper

consideration of the ultimate aim of the test. For example, the cross-section of a




welded structure, a casting , or a forging products structure shows marked structural
differences, where as the cross-section of a machine- cut shaft is usual quiet uniform.
Heterogeneous conditions in a metal structure revealed by macroetching may be
classed into one or more of the following :

¢ Heterogeneous Grain Structure : such structures are results of different

solidification rates , crystal growth, gas evolvement, or thermal processing

¢ Heterogeneous Chemical Composition : these variations result from

segregation due to impurities in the metal or from surface treatments such as

carbonizing.

¢ Heterogeneous Mechanical Properties: arising from plastic deformation in

forged or rolled ~parts. Such properties greatly affect structure and

performance.
Thin slaps or sections of the specimen may be obtained by shearing, sawing, flame
cutting, or machining which ends with irregular surface of the product. It is important
that these irregularities be removeci by filling or grinding to minimize obliteration of
surface details as revealed by etching. The part to be examined should be kept cooled
while cutting and grinding to prevent structural changes which may lead to
misinterpretation of the macrostructure. Adhering oil or grease must be removed to
ensure rapid and uniform etching.
The idea behind macroetching is that inhomogeneties in a ﬁ1eta1 or alloy react at
inherently different rates. Consequently surface defects, inclusion segregated areas ,
and other types of flaws are selectively dissolved by the etching reagent and made
manifest as a cavity, striation , local discoloration , or other structural characteristics.
Some of these defects may be quit small and escape detection prior to macroetéhing

during etching , however, the area occupied by the flaws will increase in size and
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eventually become visible to the unaided eye. For example , the cavity occupied by a
manganese sulfide inclusion in steel may be enlarged during macroetching by a factor
6f tow to three handred times, with a possibility that it may be incorrectly interpreted
as porosity or sponginess

Etching reagents for iron or steel are generally dilute solution of one or more
inorganic acids. A solution consisting of 38% hydrochloric acid 12% sulfuric acid
and 50% water is recommended for general use. Other reagents are given in Table 1.
Etching rate is hlghly temperature-dependent. High temperature may greatly
accelerate etching. The precise influence of etching temperature varies with alloy
composition, heat treatment, specimen surface condition and other factors. They
should be kept constant for each alloy if comparative results are wanted. In addition to
etchant type and temperature etching time is also important variable in macroetching.
Prologed etching may darken the etched surface and obscure or obliterate certain parts
of the structure. Under-etching may not be completely developing the microstructure
to reveal sufficient detail to permit accurate interpretation of the test.

When interpreting the surface characteristics revealed by macro étching, it is
important to learn as much about its past history as possible, including its methods of
manufacture, processing methods, thermal treatments, and service conditions and
environment,

Recording of the revealed macrostructure is commonly done photographically. A
number of cameras for macro photography are commercially available. The camera
can be fitted with interchangeable accessory lenses to permit enlargements of up to
10;(. Polaroid, roll film or regular cut film back is available, as is a 35mm back.

Television camera can also be fitted above the optical tube of the microscope and
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couple to a TV set (Fig.1). Illumination includes four 75-watt flood lamps set at 45

degrees to the lens-axis to reduce glare.

Table 1. Macroetchants used for macrostructural preparation of iron, steel, &_

cast iron (Petzow, 1978)

No, Etchant Condlions Remarks
Fe Ethanol (96%) 90 ml 1-5 min. Versatile, useful for
MI  Nitric acid (1.40) 10m Deep etching. Fe and Steel.
(Concentration variable) Carburized, or decarbur ized
Zones.
Segregation. Also useful for
microetching.
Fe Dist. water 50mi  10-30min. up to 80°C Versatile etchant for
M2 Hydrochloric acid (180°F). alloyed and unalloyed
(1.19) 50 ml Remove film under steels. Deep etchant
(Concentration variable) running water. For for surface control
corrosion-resistant and segregation. Porosity
steels, immerse in hardness indentaticns
warm, 20% aqueous
sol. of nitric acid fractures, inclusions,
(1.40). dendrites, flow lins, ferrite.
Fe  Hydrochloric acid Secs to mins. Austenitic and high
M3  (1719) 2 50 ml temperature steels.
Sat. Aqueous sol. of Fe-(g’rNi cast alloys.
Copper (IT) Sulfate 25 ml Depth of nitriding.
(Marble’s reagent)
Fe ist. water 100 ml 520 min Flow lins in low-car
M4  Hydrochloric acid Prior to etching, heat bon N2, steels. Thomas
(1.19) 120-180ml at 150 - 200°C steel.
Copper (11) chloride 45-90 ¢ (300-400°F) for Compare microeichant
) 115—?.!(.'! min After Fe m13.
etching, immerse in
conc. hydrochloric acid,
rinse in water, and neu
tralize in ammonia water.
Fe  Dist. water 100ml  Silver bromide paper Verification, arrangement,
M5  Sulfuric acid (1.84) 5ml is saturated with solution,  and distribution of Fe
(Sulfur-printing test) and firmily prssed and Mn sulfide inclusions.
{Baumann print) against the prepared Sulfide reacts with
surface After 1-5 sulfuric acid, forming hydrogen
min, rinse, fix sulfide which combines
(6 g sodium to darkish silver
thiosulfate in 100ml sulfide with the
water), wash and dry. silver from the silver bromide in
the photograhic paper.
Fe Dist. water 500 ml  Secs Lo mins, Steels and special
Mé  Ethanol (96%) 500 ml  Microsection must be steels. Fe-ecnriched
Hydrochloric acid (1.19) 42ml  polished. areas appear dark.
[ron (I11) chloride 31‘?, After etching, rinse Blowhole segregation
Tin (11) chloride 05g  ad4: 1 mixture of eth Primary structure.
Add hydrochloric acid anol and hydrochloric Fiber orientation.
last acid.
(Oberthoffer’s reagent)
Fe - Dist. water 120ml  2-10min , Phosphorus segregation
M7  Copper (II) ammonium Cu gmdpitates wiped in low-carbon =~
chloride 20g with water, steels;
(Heyn's reagent) Fiber orientation.
Welding zones, Grain contrast.
Primary structure.
Fe  Sat. Aqueous sol. of Secs to mins, Phosphorus distribution
M8  sodium thiosulfate 50 ml in cast steel and
{Concentration variable) 1g cast iron.

(klemm's reagent)
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Body tube
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. Light source for
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Transformer
control

Figure 1. Metallurgical microscope

Macroscopic interpretation
Few representative types of characteristics revealed by macro etching are shown in

the following figures:

¢ Fig.2 shows the forged structure of aluminum 2014 forged specimen. Flow

lines are clearly visible.

¢ Fig.3 shows the macrostructure of a small cast ingot of commercially pure

aluminum,
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¢ Fig.4 shows the traverse section of water-quenched bar, macro-etched to
reveal the depth of hardening. It is noted that the hardened case produced by
quenching from an appropriate temperature etches more lightly, and thus is
readily distinguished from the more severely etched core of somewhat lower

hardness.

Figure 2. Forged structure of aluminum 2014 specimen. Flow lines are clearly

visible. (Jalham, 1996).

Figure 3. The macrostructure of a small cast ingot of commercially pure
aluminum. (Ref. Courtesy of Messers. Metallurgical Services Laboratories Ltd.,

Betchworth, Surrey)
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Figure 4. Cross section through a carburised bar with a case depth of 1mm.

(Higgins, 1993).

Macro etching is a convenient method of determining with some accuracy the traverse
depth of a carb.urized case in annealed and normalized steels. The carburized case
being of higher carbon content that underlying base metal will etch more rapidly and
will after etching appear darker than the core. In like manner, decarburized surface
may be detected by macro etching; and because these areas are very low in carbon
content, and hence, etch relatively light, they may be readily distinguished.

Internal cracks, sometimes called flakes, hairline cracks or cooling cracks can also be

detected as shown in Fig.5.
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Figure 5. Internal cracks of hot forged Al-2014. (Jalham, 1996 )

Sulfur printing, is used for detecting and recording the distribution of sulfur in steel.

This will be discussed later in this experiment.

Caution: protect yourself and your clothing from contacting the concentrated reagents by means of a

protective jace shield, rubber gloves and a protective apron.
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IV. The Experiment

erial

;, Silver bromide photographic papers.
#2-5% solution of HzSO4.
+Photographic fixing solution.
Apparatus
The apparatus required includes saws for cutting the specimen, and an abrasive belt
" machine for producing a smooth surface. Etching apparatus includes a hot plate, glass
thermometer, Pyrex etching bowls or breakers, stainless steel tongs, rubber gloves,
face shield, fume hood, soft-bristled brush and a hot air dryer.
Equipment for rebording results may include a macro camera, acrylic spray and
exposure meter.
Procedure
The normal procedure for macro-examination involves the following steps:
¢ Obtain a specimen from the instructor.
¢ Cut or section the specimen if necessary. Clean all adhering dirt or grease
with a suitable solvent.
¢ Prepare a flat surface using the abrasive belt machine or file.
¢ Select and prepare the proper etching solution in the beaker and if

necessary, bring it to the recommended temperature on the hot plate. Use the

glass thermometer for measuring temperature.
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¢ Slowly and carefully immerse the specimen in the solution using stainless

steel tongs.
¢ Etch the specimen for a few minutes. Remove wash carefully and examine
the progress of the etch. Too short a time will not allow detail of the structure
to completely develop. Too long an etching time may obliterate the structure.
Continue etching the specimen until the desired results are obtained.
¢ Remove the specimen from the reagent; wash in running water. During
rinsing, carefully scrub the specimen surface with a soft-bristle brush to
remove deposits formed on the specimen during etching. Rinse the specimen
in alcohol to remove last traces of water and dry on hotplate or in a warm air
blast. If the 'spgcimen is to be preserved, coat it with a light coat of clear
acrylic spray.
¢ Record on the data sheet the details of the procedure followed, including
etchant, time and temperature.
¢ Photograph the specimen using the macro camera and attach the print to the
data sheet.
Photomicrography
There are a number of excellent industrial cameras available for photomicrography,
including the Polaroia 'MP-3 multipurpose industrial view camera, the Leitz
Aristophot, the Bausch and Lomb Model L and others.
An excellent handbook on photomicrography and macro-graphy is available from east
man Kodak; Rochester N.Y.1962 entitled,” phomacrography “.
Photographic procedure generally involves the following steps (operating instruction

for the particular camera should be read prior to using the equipment):
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1. Select the proper lens combination for the magnification desired.

2- Position the specimen on the camera baseboard for the are to be a photographed.

3. sharﬁly focus the lens on the specimen at maximum f-stop opening. Adjust
lighting so the specimen is well eliminated and does not glare.

4- Using the light meter determine the exposure time and f-stop for the film being
used, normally F-stop should be between £/22 to £/32 for maximum depth of
focus. Set F-stop and cock camera.

5- Slid film holder into position and pull out slid.

6- Expose, develop and fix print ready for mounting.

If Polaroid film is used a slightly longer development time (20-30 seconds total) will
improve contrast of black and white film.

Sulfur printing

Macroanalysis by sulfur printing should be done (as described below) to determine
the degree of segregation. Before using a nother reagent, the surface must be prepared
again from the beginning. Grinding the surface with fine emery paper is sufficient to
remove traces of the previous etching. The section must be gfound in two
perpendicular directions to remove scratches.

The S-printing consists in applying ordinary silver bromide photographic paper,

soaked in a 2-5% H,SO, solution for 3-4 min. and then drained to the surface of the

sample for 1-2 min. under moderately applied pressure. The photographic papei' is
removed‘ﬁ'om the surface, rinsed in clear rpnm'ng water and then fixed permanently
by placing it in a photographic fixing solution for about 15min. After that the print is
again washed in running water for approximately 30min. and subsequently dried in

the usual manner. At the sulfur rich areas, the paper will darken due to formation of

Ag,S the reactions are:
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FeS or MnS + H)SO04 > FeS0, or MnSO4 +H3Sgas) (1)
Then
HS gay +2AgBr ——> Ag,S + 2HBr (2)

Results and conclusions

Examination of the photograph or actual specimen may reveal certain characteristics
which account for failure in service or which may lead to failure. Although it is not
possible in this work to show all the possible types of inhomogeneities revealed by
macro examination, the student may look for the three types of inhomogeneities
discussed previously: -

¢ Inhomogeneous grain structures.

¢ Inhomogeneous chemical compositions (S-distribution).

¢ Heterogeneous mechanical properties.
The experimental report should include a discussion of the equipment and
experimental procedures used the defects revealed and interpretation of them.
Significance of the defect should also be discussed as it relates to failure of the part to

meet intended design or performance requirements.
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s

Macroscopic Examination

Section

Name

Results:

The composition of macroetchant solution used in this experiment

Etchant composition Time needed Temperature

Sulfur printing photograph paper
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- Questions:

3 How did you choose the etchant to reveal the m&om::m?

' :W};af'are the reasons for inhomogeneity in grain structure, chemical composition,
: .l and mechanical properties?

Show the inhomogeneity in grain structure and chemical composition on the

4 photograph you printed in thi&-‘mpériment.
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EXPERIMENT No.3

Metallographic Specimen Preparation For Microscopic Examination

L. Purpose :

During this experiment the student will select, mount, grind, polish , and etch metal

specimens for metallographic examination.

II, Background :
Review the sections in your materials science textbook covering the subject : practical
metilography.

111. Introduction :

A number of methods_héve been developed to reveal the micro structure of the metals
and alloys. Probably the most common and useful method is microscopic
examination.

Under the trained eye, such characteristics are revealed as: location, type and

distribution of nonmetallic inclusions, grain size, degree of cold working, segregation,
finishing temperatures, and cooling rates. In the microstructure of metals, there exists
an almost complete history of mechanical and thermal treatment of the metal under
examination. From information gained during microscopic examination, it is possible

to predict the behavior of a metal for a given application.

Metallographic examination is of a particular usefulness when careful considerations

have been given to the selection and preparation of the specimens 1o be examined.
The various steps involved in Metallographic specimen preparation are described

below.,
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Specimen selection

‘ The specimen to be examined must be representative of the metal to be studied. If a
_ .sﬁﬂggturél member has failed in service and the cause for failure is to be ascertained,
the specimen is to be taken from a spot where the failure originated. Both longitudinal
and fransverse sections are to be prepared for examination.

Longitudinal samples can reveal the length and type of inclusions. Silicate and
manganese sulfide type inclusions tend to elongate readily at rolling temperatures;
while the shape of alumina and globular oxide type inclusions are not or little
affected. Transverse can reveal the density of such inclusions. Specimens for grain
size determination should be taken parallel to the rolling or working direction so that
cold working and recrystallizaton may be revealed.

Heat treatment specimens should include a portion of the outer skin so that
decarburization or other surface conditions can be studied.

Szecimen cut-off

Qsuce the specimen to be examined has been selected, it may be cut either by saw,
abrasive wheel, electrical discharge machine, or other suitable method. The abrasive
cut-off machine (Fig.1) is quite versatile and may be used for cutting either soft or
hardened steel depending upon the abrasive wheel used.

The abrasive wheel may be long term consumable (Fig.2) or consumable (Fig.3). It
should be noted that the choice of the wheel is influenced by the hardness and
ductility of the material to be cut because wheels that are too hard tend to glaze and

burn the specimen while wheel that are too soft tend to wear rapidly.
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Figure 1. Two types of Cut-off machines(Metallog Guide, 1992)

|
J |

Figure 2. Long term consumable Figure3. Consumable wheel.

wheel. (Metallog Guide, 1992) (Metallog Guide, 1992)
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It is recommended to use diamond wheels to cut ceramic and sintered carbide
m;terials, aluminum oxide wheels to cut ferrous materials and silicon carbide wheels
ta cut non-ferrous alloys. Water cooling is usually employed to reduce overheating.
Cutting and all subsequent grinding and polishing operations are to be done in such a |
way as to avoid overheating of the specimen. Overheating may cause tempering of a
hardened steel, air hardéning of c'ertéin alloys, or perhaps annealing of the specimen.
As a result, the structural characteristics are not representative of the original
specimen and are thus valueless. It should be noted that the
A specimen which is small in size or has an irregular shape is frequently mounted in
thermosetting plastic such as bakelite. Fragile specimens may be potted in commercial
casting resins with glass filler to control uniformity of grinding. Clear mounting
thermoplastics, such as Lucite, makes it possible to see the orientation of the
specimen during grinding and polishing.
There are two Mounting techniques :
1. hot compression mounting
2. cold mounting.
For materials that have low melting points, it is recommended to use cold
mounting in order to avoid microstructural changes that result from heating when
using hot mounting.
In hot mounting, the specimen mounting (if required) may be easily accomplished
using a press machine either ( 1) or ( 1/4"") diameter mounts are customarily
used. The press (Fig.4), which may be used with both thermosetting and

thermoplastic resins, consists of a heating unit for softening the plastic and a




hydraulic ram for applying pressure during the curing or polymerization of the

resin and for ejecting the cured specimen mount.

Figure 4. Automatic Mounting Press for Hot Mounting Purposes.

When thermosetting materials are used, the mold can be kept hot and curing time is
short (3-4 min.). Thermoplastic materials, on the other hand, must be heated to soften
the plastic, then the chamber must be cooled while maintaining pressure after which
the specimen may be ejected. Cycle time in this instant may be as much as 15-20 min,
Improper molding pressure or temperature or improperly shﬁped specimens may
result in defective mounts. Thennoseﬁiﬁg plastics such a bakelite will have a soft,
- gravel-like appearance if they have not been adeéuately heated, or if pressure is not
brought up as. the plastic polymerizes. Bugs may occur if the pressure is not
maintained while the plastic is curing. Clear thermoplastic materials which are not

heated through may have a cloudy appearance due to un-melted particles, or if not
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cooled rapidly enough after melting may result in loss of transparency. Some

recommended materials to be used in hot mounting are shown in Table 1.

Table 1. Recommended materials for hot mounting. (Metalog Guide 1992)

Specific property "
Electrically conduetive
Very iow shrinkage -

Transparent
Medium shrinkage

' 'Acryilc resin with iron powder

Material
filer, Thermoplastic, Gray
Acrylic
Thermoplastic

Very low shrintkage
M_e_;l mm removal rate
Etectrically conductive

Low emission in the vacuum
chamber

Low shrinkage
Low removal rate

Thermosetting, Green

Very low shrinkage
Good adhesion
Very low removal rate

Epoxy with mineral filler
Thermosetting, Black |

Low shiinkage
Medium_remwal rate

filter, Thermosetting. Black

[Low shrinkage
Medium removal rate

Phenalic resin with wood flour |
filler, Thgrmnsetting, Green_

Low's-hr'ir'zkage
Medium rem uva_l__ rate.

Phenolic resin with wood flour
filler, Thermosetiing, Brown

[Resin - Application |
ConduFast Electropolishing |
SpeciFast ~ Glass clear mounts
Porous samples
Surface electrical insulator for
ConduFast
PoiyFast Edge rstention
Examination in scanning electron
microscope
soFast Edge retention
| Planeness
DuroFast Edge refention
Planeness
MultiFast " Routine examination
_ B_at:kz:p resin
ultiFast Graen Routine examination
) Colour marking
MultiFast Brown Routing examination
_[_:_c_:fuur marking
Pre-Mount Serial mowunting of
uncomplicated shapes

 Easy to handle
Low shrinkage
Medium removal rate

Phenolic resin with wood flour
filler. in fablet form
Thermasetting, Black o

In cold mounting, the sample is placed in a mould then a mixture of two or three

components is poured over the sample. The components of the mixture are some type

of mounting resin and a suitable hardening material. Epoxy, acrylic, and polyester

types of resin are used in cold mounting. Some recommended materials to be used in

cold mounting are shown in Table 1.

Figure 5 shows the specimen after mounting regardless using hot or cold mounting.
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Table 2. Recommended materials for cold mounting. (Metalog Guide 1 992).

[Name Application Fealures Curing time Mounting cups
| Spacifix-20 Epoxy Vacuum impregnation gh Multiform
i Porous samples
_____ NE na_l_'_al_qg'mai samples
SpeciFix-40 Epoxy Vacuum impregnation 35h Multitorm
Porous samples at 50 "C
Mingralogical samples - SR
| Epofix Epoxy Vaguum impregnation sh. Multiform
: Porous samples
) — Mineralogical samples o _-
Galdofix Epoxy Vacuum impregnation | 1.5-2h. Multiform
Porous samples at 70-80 “C
- L Mir_\era!nglcal sampies | T
MetaFix-20 Acrylic Serial mounting | 15 min. Multiform
Irregularly shaped samples Flexiform
i e Serform
Citofix Acrylic Serial mounting 7 =10 min. Meltiform
Irregularly shaped samples Flexiform
LA N | == Seriform
Durofix-2 Acrylic Serial mounting 15 min. Multiform
Mineral filler Edge retention Flexiform
s o 2o O | megularlyshepedsamples Serfform
Acryfix Acrylic For routine work 910 min. Multiform
Flexitorm
[ . b | Deriom
 Triofix-2 Polyester / Acrylic / Edge retention 15 - 18 min. Multiform
i Minaral filler Planeness L Flexiform
Serifix Polyester Serlal mounting 45 min, Multiform
Flexiform
Lo _ Serfform
Zdges of mounted sample
Specimzn are rounded using coarse
Jape’
15 mm

g

P

30 mm

Figure 5. Atypical specimen after mounting regardless using hot or cold

mounting.




Mechanical preparation

The mechanical preparation parameters for revealing the microstructure are:

¢ The grinding disc or polishing cloth used for preparation.

¢ The abrasive used for grinding and polishing.

¢ The grain size of the abrasive used.

¢ The liquid used for cooling and lubricating.

¢ The speed with which the grinding or polishing disc is rotating.

¢ The total forpe with which the sample holder is pressed against the grinding

and polishing disc.

¢ The preparation time
Mechanical preparation is divided into two operations: grinding and polishing.

Grinding
During all stages of plane or coarse and fine grinding the specimen is rotated so that
new finer scratches are formed at approximately 90" to those form last rotation. This
makes it easy to remove the deformation which the coarse scratches have been
produced by a series of new finer ones. The direction of rotation of the sample and the
direction of grinding in one step and the next one are shown in Figures 5 and 6
respectively. Fine grinding is done with finer abrasive size than plane grinding. It
reduces the depth of the deformed metal layer formed by coarse or plane grinding.
The recommended grain size of the abrasive which is used for grinding can be
determined from the curves shown in Figure 7. Atypical grinding machine is shown in
Figure 8. |
For very quick acceptable results, the following parameters can be used as guidelines
depending on the hardness of the material. For example: the parameters shown in

Table 3 are for the materials of Vickers hardness (HV) less than or equal 160. While
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Tables 4 and 5 are for materials of harnesses’ between 160 and 800, and higher than

800 respectively.

| AA Direction of g-ridi"g in one grinding step
| BB Direction of grinding in next step -

Figure 6. Grinding directions of successive steps
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Figure 8. A typical grinding machine

Table 3. Recommended grinding parameters for materials of HV hardness less

than or equal 60. PG is plane grinding and FG is fine grinding. (Metallog Guide,

1992)
’_rJ_ Step 5 FG
O Surface MD-Primo 220 MD-Largo
é;_;:rasi;.em SiC | DP-Susaensi;n
7@:] g:gn size ' . um.
*é’ Lubricant | Waler Green { Blue

D [rpm] 300 150

/] F)‘ lﬁ{i]r“ 120 180

Time i
@ (i) Untii plans 5
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than 60 and less than 800. PG is plane grinding and FG is fine grinding.

Table 4. Recommended grinding parameters for materials of HV hardness more

(Metallog Guide, 1992)

O Surface | MD-Piano 120  MO-Alegro
@ Mt;e ‘Diamond DP-Suspension
;? L;;ma: N Water Green { Blue
D {rpm] 300 o :SD _
f’ \ Force

F ; 210 210
[ 7 % B e

Until plane 4

Table 5. Recommended grinding paran_ieters for materials of HV hardness more

than or equal 800. PG is plane grinding and FG is fine grinding. (Metallog

Guide, 1992)

I_’_'_ Step

g
)

O Surface

MD-Piano 120

MD-Allegro

; @ Time
(min]

@ Abrasive Diamond DP-Buspension
Grit/

@i[ Grain size - 9um
é" Lubrican Water Green / Blue
) [rpm] 300 150

f,..\ Force
— 180 210
\J _/ [N
Lintil plane 4
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Polishing

Polishing is normally done in two steps: rough and fine polishing. One very effective
polishing procedure is to use 6 micron diamond paste on a nylon or alchohol. An oil
carrier is employed to distribute the diamond paste. Low speed and heavy hand
pressure is employed. This results in cool, rapid, cutting with the sharp diamond grits
and minimum of surface deformation. The specimen is moved in a circular motion
around the wheel in a direction opposite wheel rotation.

Final polishing of the steel may be readily accomplished with 0.1 micron gamma
alumina in distilled water. A micro-cloth wheel covering with low speed and fairly
light hand pressure is recommended. Figure 9 shows the machine used for polishing
and grinding operations. Between successive steps in grinding and polishing, the
specimen should be thoroughly washed and dried using the specimen dryer shown in
Figure 10 so that the coarse abrasive particles are mnot carried to subsequent

operations. Deep scratches will result if this precaution is not taken.

Figure 9. Polishing machines.
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P

Figure 10. Specimen Dryer
For very quick acceptable results, parameters shown in Tables 6, 7, and 8 can be used
as guidelines depending on the hardness of the material.
Table 6. Recommended polishing parameters for materials of HV hardness less

than or equal 60. DP is diamond polishing. (Metallog Guide, 1992)

' Step r,;ﬂf' Dp
— O Surface MD-Nap

Abrasive DP-Suspension

@:[ Grain size 1 ym
-"'& Lubricant Red

)
T
P

*
i .
" nay

[rpm] 150
| | \F ) N 150

' Time
@ imnn] 9
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Table 7. Recommended polishing parameters for materials of HV hardness more

than 60 and less than 800.. DP is diamond polishing. (Metallog Guide, 1992)

Step | & pp

Surface MD-Plus. :

@ Abrasive DP-Suspension

@] Gmmsize i '3'pm ]

" Goes Bl

| = i g
o . [min] 4

Table 8. Recommended polishing parameters for materials of HV hardness more

than 800.. DP is diamond polishing. (Metallog Guide, 1992)

rr'_ Step :d{& oP
| O Sutface |  MD-Pan
@ . Abrasive | DP-Suspension

. @ :[ -Grain'size | 3llm

' ;*;' -Luhr'icart_t' Green / Blue

werly

-
»:

"D""'“’“'“” o
oy |-

' Time - _
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Etching
During the preparation of Metallographic specimens by grinding and polishing, a
layer of disturbed metal is formed on the polished surface. Electron diffraction
studies reveal a disorganized and sometimes smeared metal surface extending
inwardly several inter-atomic distances. Under this top layer of disorganized surface
atoms is a layer of cold-worked or distributed metal of finite thickness, estimated to
be 10-50 times in depth of scratch producing the deformation. It is this layer of
distributed whose presence profoundly influences the appearance of the observed
structure and which must be removed if the true structure to be revealed.

Chemical etching and electrolytic polishing are commonly used for removing this
disturbed and deformed metal. Chemical etching effectively removes the layer by
subjecting the polished surface to carefully controlled chemical attack by an
appropriate reagent. When Metallographic specimen is etched, the disturbed metal
may not be completely removed by a single etching treatment. It is recommended in
practice to alternately and lightly polish and etch it, several times if necessary, until
examination under the microscope reveals no changes in the appearanbe of the
microstructure.

Usually three cycles of alternate etching and polishing are sufficient for all but soft
metals and alloys. Electrolytic polishing is particularly valuable for this type of
specimen. Etching may be done by immersing the specimen face up in a shallow |
beaker of the reagent or by swabbing with cotton. The etched specimen should be
immediately washed in warm water.

Some recommended etching solutions to reveal the microstructure are shown in

Table 9.
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Table 9. Recommended microetching solution to reveal the microstructure.

(Petzow, 1978).
R I 5 i
© No. Etchant . Conditions Remarks
& - Efhanolor methanol Secs to mins. Most common efchant
b (95%) Lk 100ml  Caution: not to exceed for pure iron, low-carbon’
Nitric acid (1.40) 1-10ml  10% solution. steels, alloy steels
(Nital) Explosive! and gray cast
4 Seemie at Fem3. ~ iron. Segregaations can cause
133 - uneven atlack.
3 Ethmol ormethanol -~ 5-30 min. e Differentiation of
(95%) - - -~ 100ml  Use fresh _cml{l! Cubic and tetragonal
. = Hydmcl’danc ac:d " Possible addition of martensite, Ni-con-
| 15 T %I 19) “20ml  Hydrogen peroxide taining Cr steels,
e - {Concentration vanable] : (309%:) High-temperature steels.
i Fe Ethanol (96%) '100 ml  Secs tomins. Generally used for
© m3 Picricacid 2-4 {Il See Appensix A. iron and heat treated
[ SRS Concenh*ahon 'ﬂnable) B : steels.
i icral) ' ' Pearlite, martensite,
SRR unl and Picral (Fe - and bainite. -
=l m1 and Fe m3) may Lower contrast than :
B W he mixed 111 Ee ml. j i
? ~Unifrom etching. even with segrega
“tions. Fe, Cstained light yellow.
Fe  Ethanol (96%) 100 ml - Sects to mins. Increases attack of Fe
m5  Hydrochloric acid To bring out grain m2 in alloyed steels.
(1.19) . 1-5ml  boundaries, heat for Grain-boundary precipilates
Picric acid. 1-4g 10 min at 300-500°C in Cr-Ni steels
Posalbiy a few drops {(570-930°F) before steels becom visible
peroxide etching
{3y ‘o) or wettmg agent ! See Appendix A.
Fe Ethanol or methanol Up to several mins. Grain boundaries in
omb (95%) 85 ml 1! See Appendix A. heat treated tool
- drochlnnc aud steels,
( 19} 1-10 ml Alloyed Cr steels.
Nitric acid (1.40) 15 ml

Fe  Ethanol {96%)

80 ml Secs to mins.

Grains boundaries in

m?7 - Nitric acid (1 -10) 10ml ! See Appendix A, martensitic micro
Hydrochloric acid Structures.
{L19) Wmi -
Picricacid 1g
Possible addition of
wetting agent. -
Fe  Dist water 75. ml  3-15 min. 50°C Cementite (Fel C) with
m8  Sodium hydroxide 25g (120°F). up to 10% Cr is
Pleric acid 2g It See Appendix A. stained dar. For more than 10% Cr.
no standing. (Fe, Cr(, Cr. (Fe, Criw,.
C2, We an VC are not stained.
TFe  Dist. water 100ml  Secs to mins, room M&\»allc ed Cr-Ni A
ml0 Hydrochlonc acid . lu’)%tﬁeratm? to 50°C steels. S@a phase
(1.1 100 m! ) and ferri
Nltnc acid (1 40) 10 mi Fine microstructures
Vogel's special -in alloyed steels.
rea&ent L3 d e 0.3 ml
(V2A etchant)
Fe Glyeerol 45ml  Secs to mins. Stainless steels with ™~
mll Nitric acid {1.40) 15ml ! See Appendix A, high Cr contenl.
Hydrochloric acid ‘ Cr-Ni cast steels.
(1:19) 30ml
{Concentration variable)
(Vilella's reagent)
Fe  Glycerol . 20-40 mi Secs to mins. Steels with high 51
ml2  Nitric acid (1.40) 10mi ! See Appenis A. content,
H ydre'ﬁuoric acid (405} 20 mi

(Concentration variable)
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General rules:
| ll- cleaning is vital. Wash hands and sample between each grinding and polishing
I .state.' - , Iil.'.
2- Keep sample cool, particularly during cut-off. Heat may change the sample |
structure.
3- Rotate the sample 90 between grinding stages so the removal of previous
scratches may be readily observed.

4- Change abrasive paper as needed : they load up rapidly when used dry.

5- During final polishing, a cloth that is too wet may cause pits in the specimen: if

too dry, buffing and or smearing may result.
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IV. The experiment

Materials
¢ Select ferrous specimen suitable for ﬁomﬁng .these may include specimens
with ferrite, pearlite, austenite, martensite, bainite, spherodized or other
microstructures.

¢ Abrasive cut-off wheels, (1/16") thick for hard and soft steel specimens.
¢ Bakelite mounting powder (1 table spoon/specimen).

¢ Abrasive belt,or paper 120 or 180 grit silicon carbide.

¢ Abrasive paper 240,320,400 and 600 grit silicon carbide.

¢ Diamond paste,6-micron or other suitable polishing wheel covering.

¢ Natal etching 2% (21ﬁl conc. Nitric acid in 98ml methyl or ethyl alcohol).

Apparatus

Several pieces of apparatus are required for metallographic specimen preparation a
wide variety of apparatus is commercially available and may include the following:

¢ Abrasive cut-off machine, water cooled.

¢ Abrasive belt machine for deburring specimens and for rough grinding.

¢ Specimen mounting press with heater for mounting samples in bakelite,

¢ Vibratory marking t0f)1 for ;:ngraving identification on mounted specimen.

¢ Metaserv abrasive surfacer for rough and fine g;nndmg 240,320,400 and 600

grit.

¢ Rotary diamc;nd polishing unit with suitable coverilng.

¢ Metasurv final polishing unit with microloth covering.

¢ Ultrasonic cleaning unit.
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+ Hot air electric dryer for drying specimen after polishing and etching.
¢ Petri dishes, beakers and various glassware for etching reagent.

¢ Dessicant storage cabinet for protecting etched specimens.

o




Metallographic Specimen Preparation For Microscopic Examination

Name

Section

Results:

The composition of microetchant solution used in this experiment

Etchant composition

Time needed

Temperature

Photo micrograph of the used material
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Questions: ’ '\ |
How did you choose the etchant to reveal the microstructure? M‘
_Sh‘bw the grain boundaries on the micro photograph you printed in this experiment. 1'dl| |
Why did you get clear boundaries? |':
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EXPERIMENT No.4

Plastic deformation, Recrystallization, and Grain size
calculation

I._Purpose

The purpose of this experiment is to see the change in microstructure and mechanical
properties of a metal after plastic deformation by measuring the hardness and

calculating the grain size of a metal before and after plastic deformation.

1. Background

Review the section in your materials science text book covering strain hardening and

annealing and in your note book the grain size calculation using intercept method.

IIl. Introduction

Plastic deformation in crystalline materials occurs primarily by dislocation motion in
a shear process called slip or glide. This shear is restricted in most crystals to a single
set of equivalent slip directions on only a few slip planes which contains these
directions. If a shear stress is applied to a crystal in a direction other than é. direction
of easy shear, slip still occurs in a prefe_rred. direction even though the component of
shear stress resolved onto that direction may be much lower ﬂlan_ the applied stress.

When dislocations move during plastic deformation, they multiply and interact in
ways which increase the stress required for further plastic defqrmation. This process

is called strain or work hardening. Thus, prior plastic deformation causes the strength

or hardness of a metal to increase.
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Most of the work of plastic deformation is converted to heat which raises the
te;rnperaulre of the metal as it’s being deformed. Some of the work, however, is
stored in the metal as lattice defects. These defects distort the lattice and therefore
have an energy associated with them. This internal energy in a deformed metal
causes it to be thermally unstable. Upon heating such a distored crystal, which
increases the mobility of the lattice defects, a number of processes tending to return
the crystal to its original position of perfection take place. One of these processes is
recrystallization. A boundary between a distorted grain and an undistorted grain will
always tend to migrate in such a direction as to extend the undistorted grain at the
expense of the distorted one. At sufficiently high temperatures, the rate of migration
can be rapid. Recrystallization is the formation and growth of new, more perfect
grains in the distorted matrix, thus removing the effects of cold work. The first small
recrystallized grains that appear are observed to form in regions of severe complex
distortion, for example, near grain boundaries. It is also observed that the greater the
degree of cold work, the lower is the temperature at which new grains begin to
appear. This tendency can be explained in terms of the driving force for
recrystallization. With greater amounts of cold work, more crystalline defects are
created. The more defects there are, the greater the internal energy and, thus, the
driving force for recrystallization. For this reason as well, the number of the
recrystallization nuclei tends to increase, and thus the final grain size decrease, as the
amount of G(‘.'ild work increase.

At temperatures higher than that which just gives complete recrystallization in the
given time, grain growth which is a slow coarsening of the average grain size by the
growth of some grains at the expense of their neighbors, occurs. Both recrystallization

and grain growth tend to decrease the hardness and strength of a metal. This means
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that the change in the grain size or shape influences the mechanical properties of

materials. To judge that there is a change in the grain size, the grain size should be

measured. There are two main methods of measuring the grain size:

1- The ASTM comparative method based on standard charts defining areas of grains
intersecting a planar section through the microstructure. This method is at best
only semi-quantitative and very subjective.

2- The mean linear intercept (m.l.i) method which define the average chord length
intersected by the grains on a random straight line in the planar polished and
etched surface.

The ASTM comparative chart method.
In this method, the standard chart against which the microstructure is compared
comprises either photomicrographs (mesh of irregular shaj;es) or idealized hexagonal
(mesh of regular shapes) networks based on the number of grains intersecting unit
area of the plane of polish. The comparison is made by holding the standard grain size
chart alongside the image of the material grain projected on ground glass screen
attached to a photomicrograph. If such projection equipment is not available, the
comparison can be made using a transparent ASTM network which is overlaid on the
photomicrograph of the required grain structure at the proper magnification.

In this method, the grain index number is an arbitrary experimental number with

reference to the mean number of grains per square inch at a magniﬁcétion of 100x.

Thus, if the ASTM grain size number is N, this is related to the number of grains # per

square inch area and magnification 100x by:
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The standard charts for grain size numbers from 1 to 8 are shown in Figures from 1 to

-8 below.

Figure 1. Upper, idealized regular shape hexagonal network for mean grain size no.1.
Lower, ASTM standard grain size no.1 of irregular shape mesh. Up to 1.5 gr/in’ at
100x
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Figure 2. Upper, idealized regular shape hexagonal network for mean grain size
no.2. Lower, ASTM standard grain size no.2 of irregular shape mesh. 1.5-3 gr/in® at
100x '
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Figure 3. Upper, idealized regular shape hexagonal network for mean gran
size no.3. Lower, ASTM standard grain size no.3 of irregular shape mesh. 3-6
gr/in’ at 100x
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Figure 4. Upper, idealized regular shape hexagﬁnal network for mean gran
size no.4. Lower, ASTM standard grain size no.4 of irregular shape mesh, 6-12
gr/in2 at 100x.
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Figure 5. Upper, idealized regular shape hexagonal network for mean gran size
no.5. Lower, ASTM standard grain size no.5 of irregular shape mesh. 12-24
gr/in2 at 100x. :
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Figure 6. Upper, idealized regular shape hexagonal network for mean gran size no.6.
Lower, ASTM standard grain size no.6 of irregular shape mesh. 24-48 gr/in2 at 100x.
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Figure 7. Upper, idealized regular shape hexagonal network for mean gran size
no.7. Lower, ASTM standard grain size no.7 of irregular shape mesh. 48-96 gr/in2
at 100x. '
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Figure 8. Upper, idealized regular shape hexagonal network for mean gran size

no.8. Lower,

ASTM standard grain size no.8 of irregular shape mesh. 96-192
gr/in2 at 100x. '
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To obtain the ASTM grain size number, one must count a minimum of at least 50
érains in each of three areas, determine the number per square inch, and convert this
valﬁe to the equivalent one at 100x. Then substitution in equation 1 gives N.

For grain sizes finer or coarser than the standard range of ASTM grain sizes, the
magnification may be increased or decreased, still maintaining a comparison against
the standard grain sizes on the chart. This enables grain sizes coarser than 1 and finer

than 8 to be assessed, using the relationship:
N=N’+2 (log (M/100))/(1082) ....coeerererrsrosararerasasesasenns 3)
Where, N’ is the apparent ASTM grain size at a magnification m.
For non uniform and non equiaxed grain sizes, the ASTM method is not suitable, but

it is a rapid method. Being subjective, and based upon doubtful assumptions

concerning grain shape and uniformity, it is at best only a semi-quantitative method.

The mean linear intercept method (Heyn method)

The mean linear intercept method (m.l.i.) is probably the widely used measurement

method of grain size, particularly in metallurgical research. It is sometimes referred to
as the Heyn intercept method. The m.li. is measured from a linear traverse by
counting the; number of grains which intercept a linear traverse length. If the L is the
length of the intersecting line, NV is the number of grains on this line, and m is the

magnification thus the average diameter of the grain d can be determined by:




When counting the number of intercepts or grains, the following should be taken into
consideration:
1. If the line touches the grain boundaries, the number of grains is considered to
be as N=0.5 (Figure 9).
2. If the line passes through a triple point of grain boundaries, the number of
grains is considered to be as N=1.5(Figure 10)._
3. Ifthe line starts before or goes after the grain, the number of grains is
estimated as % or %...etc (Figure 11).

4. Select a suitable microscope magnification So that the nimber of grains that

intercept the measuring line is not less than 30 and not more than 100.
5. To get a representative grain size value, a total number of intercepts should be

about 500,

salievilliese

Figure 9. The line touches Figure 10. The line touches a Figure 11. The line starts

the Grain Boundaries triple point of Grain before or goes after the grain

Boundaries

It must be noted that the real grain size is greater than the measured on using the
above formula because the intersection line passes through the chords of the grains

and rarely through the centers of grains. Based on that, it must be appreciated that the
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m.li. diameter (d) is less than the average diameter of grains comprising the
microstructure (D) which 'in turn less than the maximum grain diameter because
(Dm). The relationship between d, D, and Dm depend on the grain shape assumed. By

assuming a reasonable shapes for real grains and obtaining a mean linear intercept of

rotation:

D=L . oreiriiiaiaaiaoR TSRS (5)

Also, assuming Dm to be circumscribed sphere of rotation:

DI =L86%.........cocveeeeeiiverineinaaninn, (6)

It is also possible to relate ASTM grain size numbers to values of the m.Li. as
shown in Table 1. The relationship is a geometric progression in which each value
of m.Li. is smaller than its predecessor by a factor of 1/72, d the table may be

extended to larger or smaller grain sizes. ‘
|
|




Tablel. Relationship between ASTM grain size and mean linear intercept.

ASTM number m.Li.,d, mm |
00 - 0.451 J
0 0.319 o
1 0.226
2 0.16 |
3 0.113
4 0.080
5 0.056 .
6 0.040 ,
7 - 0.028 |
8 - 0.020 }
9 0.014 1
10 ' 0.010
11 ' 0.007 ,
12 0.005
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IV. The experiment

Material
Cold rolled 70 Cu % - 30% Zn brass.
Equipment
¢ Heat treatment furnace.
¢ Equipment for microscopic test preparation
¢ Microscope with a camera or with a scaled lense
Procedure
¢ You receive samples of cold rolled 70-30 brass. You should measure the
hardness of these samples and prepare at least one for microscopic examination.
Measure the grain size. The etchant consists of : ammoniacal solution of
ammonium persulphate.
¢ Heat some samples of the cold worked brass to 350 °C for 3 hours then quench
some of them in water and cool some in air. Measure the grain size and hardness.
The etchant consists of : ammoniacal solution of ammonium persulphate.
¢Heat some samples of the cold worked brass to 650 °C for 1/2 hours then
quench some of them in water and cool some in air. Measure the grain size and
hardness. The etchant consists of ammoniacal solution of ammonium persulphate.
¢ Heat some samples of the cold worked brass to 750 °C for 3 hours then quench
some of them in water and cool some in air. Measure the grain size and hardn.ess.
The etchant consists of acid ferric chloride solution
¢ Heat some samples of the cold worked brass to 850 °C for 3 hours then quench

some of them in water and cool some in air. Measure the grain size and hardness.

¢ Write a report discussing your observations. The etchant consists of : acid ferric chloride

solution.
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Student Notes
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Plastic Deformation, Reccrystallization, and Grain Size Calculation

Name Section

Results:

The photograph of the microstructure of the cold worked specimen.

The photograph of the microstructure of the cold worked specimen heated for /2 hour
at 650 °C.
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ure of the cold worked specimen heated for 3 hours

The photograph of the microstructure of the cold worked specimen heated for 3 hours
at 850 °C.

Grain size with different heat treatments

Grain size Temperature Time
350- 3
- 650 ‘ Ve
750 " 3
850 : 3
Room As received
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Questins:
Why is the grain size altered ?

Did you observe a grain growth ? Why?
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Section I1._ Mass Transfer
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EXPERIMENT No.5 ‘

The Surface Hardening by Carburizing and Heat treatment |'
| after carburizing

L. Purpose

To provide the student with knowledge about surface or case hardening of low carbon

steel by carburising and studying the mechanical properties after using this process.

Il. Background |

Review the section in your materials science textbook covering Atom movement in

materials.

1. Introduction
The service conditions of many steel components such as cams, gears and shafts make

_ it necessary for them to posses both hard, wear resistant surface and at the same time,

tough, shock resistant cores. The situation can be best met by employing a low carbon
steel with suitable core properties. In this case carbon or nitrogen penetrates to a
regulated depth to produce a potentially hard surface skin as in the principal surface
hardening processes of carburizing and nitriding (see Fig 4 in experiment no. 2).
Carburizing may be in solid media, in liquid media, or gas carburizing. In this

experiment‘ the carburizing in solid media (pack-carburizing) will be of concern.

Carburizing in solid media (pack-carburizing) involves packing the work into heat
resisting steel (25Cr; 20Ni) boxes along with the carburizing material so that a space
of approximately 50 mm exists between the components. The boxes then heated

slowly to carburizing temperature and maintained at that temperature for up to a time
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according to the depth of case required. Figure 1 indicates the relationship which
exists between depth of case, carburising temperature and time of treatment.

Although a solid carbon-rich medium is packed around the work the actual
carburising process depends upon the presence of gas carbon monoxide, CO, to carry
carbon to the surface of the work pieces. Oxygen in entrapped air forms this carbon

monoxide :

2C +0O, > 2CO

At the surface of the work piece this carbon monoxide releases carbon atoms:

2CO _ > C0o, + C

The carbon atoms so released are dissolved interstitially at the surface of the steel.
As indicated above, charcoal alone could be used as the carburising medium in
practice the rate of carburisation is increased by adding an ‘energiser’, usually 10-15

% barium carbonate. This dissociates at the carburising temperature :

BaCOs »Ba0 + CO,

And the carbon dioxide thus produceed reacts with chreoal to form carbon monoxide :

Co, + € ¥ 20

The above reactions revesible and as the temperature is increased, pressure remaining

constant, the proportion of carbon monoxide increases and so therefore does the rate
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of carburizing (fig.1) In commercially produced carburizing media charcoal may be

‘replaced by other carbon rich substances such as petroleum coke.

25 p——— e e e

= RasPe 3

o
T
|

—_
w
|

o
l

CARBURISING TIME (h)

1.5 20 25 3.0 35
DEPTH OF CASE (mm)

Figure 1. The relationship between time and temperature of carburizing and the

depth of case produced (Higgins, 1993).

If it is necessary to prevent any areas of component from being carburized, this can be
achieved by electro-plating these areas with copper at the carburizing temperature. An
alternative method, which can be more conveniently applied in small scale treatment,
is coat the area with a mixture of fireclay and ignited asbestos made into a paste with
water. This is allowed to dry on the surface before the component is carburized. When
the carburizing is complete, the components are quenched or slowly cooled in the box
according, to the subsequent heat treatment to be applied. |

Usually Case depth is specified as total depth at which the case blends into the core of
the material. There is always a transition zone in which the case blends gradually into
the core and the carbon content decreases gradually. Since at least a portion of the

transition zone is below 0.5% carbon, this portion achieves no appreciable hardness as
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nching. Effective case depth is considered to be that portion of case which

achieves a hardness greater than 50 HRC.

Case depth for carbon penetration can be obtained using simple formula derived by

Einstein from mathematical studies of diffusion:

Case depth=x = Y(2Dt) ... — )
Where,
D- diffusion coefficient (cm?¥s)
t- time of diffusion (s)
It also can be written as
Case depth =X =KkWE) . covvreeeeeerrereseeseseeressnsons 2
Where,
k = V2D and éives a rough estimate of time required to produce a case of a

given depth.

Heat-treatment after Carburising

If carburising has been correctly carried out, the core will still be of low carbon d
content (0.1-0.2% carbon), whilst the case should preferably have a carbon content of :1'
no more than 0.8% C (the eutectoid composition). If the carbon content of the case is |
higher than this then a network of primary cementite will coincide with the grain-
boundary sites of the original austenite giving rise to intercrystalline brittleness and
consequent exfoliation (or peeling) of the case during service. Even if thjs does not
occur any cracks arising from the presence of primary cementite may initiate fatigue
failure. Moreover a case containing 1.0% or more carbon may be soft at the surface

after quenching due to retention of austenite. After the component has been carburised
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heat treatment will be necessary both to strengthen and toughen the core and to harden
ﬁm case. At the same time prolonged heating in the austenitic range during
carburizing -order to produce an atmosphere giving the required carbon potential at the
work surface. This carbon potential is in practice the carbon content maintained in
equilibrium in the surface film of the component whilst it is in contact with the gas

atmosphere. A carbon potential of 0.8% is usually desirable. Carrier gases are

generally of the 'endothermic' type made in a generator and consisting of a mixture of '

nitrogen, hydrogen and will have introduced coarse grain to the whole structure, so
that a heat treatment programme which will also refine the grain is desirable if the
optimum properties are to be attained. For components which have been pack- or
liquid-carburised to produce deep cases, a double heat-treatment is preferable to refine
both core and case separately, as well as to harden the case and strengthen the core.
Refining the Core The component is first heat-treated with the object of refining the
grain of the core and consequently toughening it. This is effected by heating it to just
above its upper critical temperature(about 880°C for the core) when the coarse
ferrite/pearlite structure will be replaced by fine austenite crystals. The cbmponent is
then water quenched so that a fine ferrite/bainite/martensite structure is obtained in
the core. The core-refining temperature of 880°C is, however, still high above the
upper critical temperature for the case, so that, at the quenching temperature, the case
may consist of large austenite grains. On quenching these will result in the formation
of coarse brittle martensite. Further treatment c_)f the case is therefore necessary.
Refining the Case The component is now heated to about 760°C, so that the coarse
martensite of the case changes to fine-grained austenite. Quenching then gives a fine-

grained martensite in the case.




At the same time the martensite produced in the core by the initial quench will be

tempered somewhat, and much will be reconverted into fine-grained austenite

embedded in the ferrite matrix (point C in Figure 2).

austenite

H
800 ! austenite
+ ferrite

— 7230—
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.
: :
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600 i . ,o}o:ﬂwo 3
' \
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Figure 2. Heat treatment after carburiing. “A” indicates the temperature
of treatmenr for the core and “B” the temperature of treatment of the

_ case.(Higgins,, 1993)

The second quench will produée a structure in the core consisting of martensite
particles embedded in a matrix of ferrite grains surrounded by bainite. The amount of
martensite in the core is reduced if the component is heated quickly through the range
650-760°C and then quenched without soaking. This produces a core structure
consisting largely of ferrite and bainite, and having increased toughness and shock-
resistance. Finally, the component is tempered at between 160°C and 220°C to relieve
any quenching strains present in the case.

The above comprehensive heat-treatment may be regarded as the counsel of
perfection and would be that appﬁed to important components in which cases of
considerable depth had been produced and in whicl} the necessarily prolonged
carburising cyclé had given rise to coarse grain. The core-refining process would also
cause some reduction in the high carbon content at the skin to a more acceptable value

nearer 0.8%, thus reducing the chance of primary cementite networks at the surface.
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For thinner cases and lower quality work generally, modified heat-treatment is
.prevalent.

‘When thin cases (below 0.5 mm) are involved the component may be quenched direct
from the carburising process with obvious advantages economically. The shorter
carburising time will not have produced grain growth to the same extent as more
prolonged treatment. With cases of intermediate thickness (0.5-1.25 mm) a
component may be cooled slowly from the carburising temperature and given a single
treatment by reheating to 820°C as a compromise between the upper and lower
critical temperatures (for the core), water-quenched and finally tempered at between
160°C and 220°C. The case will then be hard though slightly coarse-grained whilst
the core will consist of a ferrite/bainite/martensite structure. The ferrite will be rather
coarse-grained, remaining from the original carburising and will not be completely

redissolved by heating to 820°C. Hence the core will not attain maximum toughness.




IV. TheExperiment

Material
¢ Specimens of 0.15 % C steel.
¢ Stainless steel box containing solid carbon powder.
¢ Charcoal
Equipment
¢ Heating furnaces
¢ Timing equipment
Procedure
¢ Put the specimen of steel in the box containing solid carbon powder.
¢ Put the spcciﬁen into the ﬁeating furnace.
¢ Switch on the fumace- and let the temperature raise gradually till 950 °C.
Leave the specimen at this temperature for two hours.
¢ Switch off the furnace. Take out the box containing the specimen then take
out the specimen from the box and put it into another furnace at temperature
780 C. Leave the specimen for 30 min. then cool it in water or oil.
¢ Cut the specimen into two halves.
¢ Prepare one half as for microscopic examination.
¢ Measure the thickness of the ﬁarclened layer by measuring hardness from
surface to core. |

¢ Wright the report.
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Student Notes




The Surface Hardening By Carburising

Name

Section

Results:

The micro photograph of the carburised specimen showing the depth of case

hardening.
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Questions:

What is the significance of surface hardening?

. How remperarure and time affect the depth of case produced by surface hardening?
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Sectin III. Mechanical Properties of materials







EXPERIMENT No.6

Tensile Testing

L. Purpose:

To introduce the student to the method of determining the mechanical characteristics
of material such as Young’s modulus, Yield strength, and Ultimate strength ..etc and
to introduce him to the engineering concepts related to that method such as

Engineering stress, Engineering strain, True stress, and True strain.

I1. Background:

Review the sections in your materials science textbook covering the mechanical

properties of materials.

I11. Introduction:

Deformation can be elastic or plastic. Elastic deformation occurs as long as when the
applied load is released, the piece returns to its original shape (Figurel). But plastic
deformation is a permanent or noncoverable deformation of the material (Fugure2).
Some materials exhibit non-linear properties in the elastic region (figure3). In this
case two quantities are usually employed to denote its stiffness or modulus.

The most common material property information, needed by the engineer, is
containe& in each material’s stress-strain curve. Actual stress-strain curves, such as
those of the typical materials, show that eléstic deformation may only be a small part
of the total data set. The general form of stress-strain curves is shown in figure4.

The main relationships to determine the mechanical characteristics from curves can be

summurized as follows:




. Engineering stress
O=PIAD  eevevrereereereeessisneseessnss )
Engineering strain
g=8/lo =(Urlg/lp «.oovviviinnniiniiiniinens 2
. Young’s modulus or stiffness
E=S @f8  sumssieisseisianigess 3)
for nonlinear elastic behavior

Esec= do/de ....oooviiiiiiiniiininiies 4)

. Modulus of resilience

=gt/ 2E ~ eeeveerinreorenes (%)
er
4. Modulus of toughness ur= /f} GHE srissiaasaane (6)
5. True stress
' Gp SPHL spamssspeesssseeiren 0
True strain
er=m(/ly) =In[(lply) /lo] ............... (8)

. The relationship between Engineering (nominal) stress and true stress:

er=In(l+g........ AT (10)
. Sometimes the curve after yield strength can be approximated by determining

the constants of equation (110:

9. Percent élongation _ EL% = {(Ir-1g) /1p ]* 100% .........(12)

10. Percent reduction in area ARY% =[(~As +Ag) /Ag J* 100%...(13)
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Where:
o" -

.o';r—

Oyiela— Yield stress

c-
gr— True strain ' ]
&r- Strain at rupture !
Ag— Initihl area ‘!
A - Instantaneous area !
E-  Young’s modulus ||I
Esec —Secant modulus |

0-Change in length or difference between final (Ip)and initial length (1, ) I

-

Ur -

Engineering stress

True stress

Engineering strain ‘

Modulus of resilience
Modulus of toughness
Strain hardening exponent

Strength coefficient
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IV.The Experiment
Material

¢ Standard tensile test specimen made of steel or aluminum as shown in
Figures.

Equipment

¢ Computerized Universal Testing Machine (UTM). See Figure 6.
Procedure

¢ Prepare the standard specimen.

¢ Prepare the UTM and assemble the suitable jaws of the machine

¢ Set the suitable program for the intended work

¢ Choose the form of the output data

¢ Run the machine through the computer connected to it

¢ Get the data from the machine which is in load-displacement form

¢ Try to calculate the engineering stress and engineering strain
¢ Draw the engineering stress - engineering strain curve
¢ Try to calculate the True stress and True strain.

¢ Draw the True stress and True strain curve
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loading

unloading

Figurel. Stress-strain curve shows the elastic behavior of the material.

(]
, YIELD ; upper yield point |
Lower Yield |
|
| |
> o "
£ 13

Figure2. Stress-strain curve shows two types of the plastic behavior of the
' material. '




Figure3. Non linear elastic behavior of material.

& .
? Tensile Strength

=

B

Rupture

Figured. General form of the stress-strain curve.
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I— 0.75 in. '(19 mm}_ r— 0.505 in. (12.8 mm)
— ' g
A — SR
[« 4in. (100 mm) ——|
. 8 in. (200 mm)

a) Smooth-end round tensile test specimen

— ¥5-24 UNF — 0.312in. (8 mmy)
i

'

; _
o ———— i @

| fe——— 225 in. {57.2 mm) ———] _.
« 5 in. (127 mm) -

—

b) Threaded end tensile test specimen

l— 1.00 in. (25 mm) 0.75 in. (19 mm;)
F S~ r_ —
E B ~ : TN _ | D
le— 2.25 in. (57 mm)—=| _’l }‘_
8 in. {200 mm) 0.125 in
(3.2 mm

c¢) Flat tensile test specimen

—— Butt joint

r—-—~ 200 in. (51 mm)}———+

d) Brazed or silver-soldered tensile test specimen

0.5 in. 1.0 in. (25 mm)
(127
2 in. radius ‘l 2 in. radius
l——Weld _..1 l.._

8 in. (200 mm) 0.125 in
(3.2 mm)

¢) Weld tensile test specimen

FigureS, Standard tensile testilig specimens (Larry Horath, 2001)
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Figure 6. Universal tensile testing machine (Larry Horath, 2001)
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Student Notes
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Tensile Testing

Name Section
Results:
The conversion of some load-displacement data to stress-strain.
Load | Displacement Eng’g Eng’g | Truestress | True strain
(kg) (mm) Stress Strain (N) N)
N)
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Engineering stress-engineering strain plot

True stress-true strain plot
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The main mechanical properties extracted from the stress-strain curves

Property

Its value

Young’s modulus

Yield stress

Ultimate Tensile Strength

True stress at rupture

Engineering stress at rupture

Modulus of resilience

Modulus of toughness

Yield point at 0.2% strain

% elongation at rupture

% reduction of area at rupture

Strength coefficient

Strain hardening exponent
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Questions:

Compare the shapes of engineering stress strain curves and those of true stresss —true
strain.

What are the probable errors in this test? Discuss briefly how they affect the accuracy
of the Young’s modulus and yield point determination?
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EXPERIMENT No 7

Creep Test

I. Purpose

The student should recognize and define the time and temperature dependence in
creep deformation and specify the conditions under which it occurs. He also should
construct a results curve in terms of strain versus time at a given temperature and load
and describe the three regions of the creep curve.

II. Background
Review he sections in your materials science textbook covering the subject: Creep and
creep testing.

III. Introduction

"The deformation at elevated température under constant load is called creep. It
depends on the wire material and the temperature of the room. The response of the
material to an applied load will depend on the temperature and the amount of weight
we use. When we talk about the temperature of a material, we are actually more
interested in the absolute temperature (Taps) of the material compared to the
material's absolute melting temperature (Trpaps)- We call this the homologous

temperature and can designate it by the ratio (Tabs! Trtpabs)-

When we hang a weight on a material in a wire at a low hﬁmologous temperature
(Tabs/ Tipass < 0.4), the wire elongates. If that weight is relatively small, the wire
stretches just a little. As soon as we remove it, the wire returns to its original length.
This is an example of a revers1ble deformation, or an elastic deformatmn like a
spring. When we hang a medium weight on the wire at low Toans! Trapass, it stretches

more than before. When we remove the weight, it does not return to its original
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length. This permanent stretching of the wire is known as plastic deformation. If the

weight is too heavy, the wire fractures.

If we raise the temperature so that Tyss/Tipass > 0.4, and hang a weight on it that does
not noticeably stretch the wire, it may initially appear that we have only elastically
deformed the wire. At temperatures above about T,ss/Tipess = 0.4, however, atoms
begin to move about in the solid at significant rates. This atomic movement can lead
to time dependent stretching of the wire under a load even when the weight is véry
small. If we observe the length of the wire over a long time (hours, days, or weeks),
we notice that the wire very slowly elongating. This time dependent elongation of the

wire is called creep.

Creep is an important consideration in any application where a component must
support a load at temperatures where Tos/Tapass > 0.4. A jet engine is one good
example where a material operates at very high temperatures (about 1100 K, or
Kelvin degrees). Because the engine temperatures are so high, the alloys used for the
turbine blades operate at temperatures very close to their melting temperatures. They
are called superalloys. In order to demonstrate creep in alloys without using very
high temperatures, we can observe creep in low melting point alloys at temperatures
near room temperature (about 300 K). In design, we seek materials that will carry the
design loads without failure for the design life at the service temperature. Creep is an

important consideration in design in three types of high temperature applications:

1. Displacement-limited applications in which precise dimensions or small
clearances must be maintained such as in turbine rotors in jet engines)
2. Rupture-limited applications in which precise dimensions are not essential but

fracture must be avoided such as in high-pressure steam tubes and pipes.
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3. Stress-relaxation-limited applications in which an initial tension relaxes with
time such as in suspended cables and tightened bolts.

In these types of applications, design engineers must consider creep deformation and
its dependence on time and temperature. Many mechanical systems and components
like turbines, steam boilers, and reactors operate at high temperatures and creep
properties for

the materials used must be determined.

The main objective in a creep test is to measure how a given metal or an alloy will
perform under constant load, at elevated temperatures. In a creep test, a tensile
specimen (with similar dimensions as a tensile test specimen) is subjected to a
constant load inside a furnace where the temperature is maintained constant. Figure 2
illustrates a simple setup for creep testing. The resulting deformation or strain is
measured and plotted as a function of elapsed time. Figure 1 shows a schematic creep
curve for a metal tested at constant load until rupture. Metals, polymers, and ceramics

all show similar strain-time behaviors.

Figure 1. A creep test set up.

The creep curve in Figure 2 demonstrates three regions of strain-time behavior:
1. Primary creep where the rate of change of strain (creep rate=As/A €) decreases

with time due to strain hardening of the material.
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2. Steady-State creep where the strain increases linearly with time. From design
point of view, this region is the most important one for parts designed for long
sérvice life because it comprises the longest creep duration. The main creep
test result is the slope of this region which is known as the steady-state creep
rate ('€). During this stage of creep, there is a balance between strain hardening
due to deformation and softening due to recovery processes similar to those
occurring during the annealing of metals at elevated temperature.

3. Tertiary-creep where the strain increases rapidly until failure or rupture. The
time to failure is often called the time to mpture or rupture lifetime (tr). This
parameter is an important consideration in designing against creep for parts
intended for short-life applications. To determine the rupture lifetime, the
creep test must be conducted to the point of failure. Such test is also known as

the stress rupture test or creep rupture test.

«

Ll e 5

i &

';..' ni\ i

Figure 2. A creep curve
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Testing either at higher stresses or higher temperatures will increase the steady-
state creep rate and reduces the rupture lifetime as illustrated in Figure 3. Note

that the strain is constant and independent of time for temperatures below 0.4 Tm.

/:;‘—-_MG—*‘ . TJ oty
e

ol T 04T

.l

Creap strain

Time

Figure 3. The creep curve at higher stresses or temperatures
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IV. The Experiment

Material

To demonstrate creep behavior at room temperature, we can use wire of soldering
material that contains 60 wt% Sn (tin) and 40 wt% Pb (lead). The wire Diameter =
3.175 mm. Its melting temperature = 183°C = 456 K and the hanging load = 4.8 kb =

10.6 Ibs.

The phase diagram for the Pb-Sn alloy system is shown in Figure , and the
composition of thé solder is identified by the red vertical line. One of the uses for a
phase diagram is to determine the melting temperature of an alloy. The phase diagram

indicates that the 60/40 solder melts at about 183°C =456 K.

350
300+
2504 Liquid L
— 200_N i
(&)
L (Pb)
= 150 (Sn) I
100
50
0 5 p ¢ : T ; . g
0O 10 20 30 40 50 60 70 80 90 100
Sn Mass % Pb Pb

Figure .Lead-Tin Phase Diagram

Apparatus

The creep machine is shown in Figure 2.




Procedure

e To determine the homologous temperature at room temperature (25°C), the

calculation is as follows:

1. Convert room temperature (25°C) to absolute temperature in Kelvins:

Taps =25+ 273 =298 K.vvvrvrvrssnessuesoneesnes (1)

2. Convert the melting temperature of the alloy (183°C) to absolute temperature

in Kelvins:

Fatrass ™ 108 5 ZTF =56 Ecssssssavevosssnanses )

3. The ratio of the absolute room temperature (298 K) to the absolute melting

temperature of the alloy (456 K) is the homologous temperature:

Tus/ Totpass = (298 K) / (456 K) = 0.653...v00erveervens 3)

This means that room temperature corresponds to a homologous temperature of
Tons! Tnipabs = 0.65 for the 60/40 solder. Because the solder is at a relatively high
fraction of its melting temperature, we expect to observe creep deformation in solder

at room temperature.

e The load applied to the wire is determined to be 4.8 kg, which is only about

one tenth of the load required to get immediate plastic deformation.

e Test temperature is 77°F and test duration is 90.8 hours = 3 days, 18 hours,

48 seconds.
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® Plot of the wire length versus time during the creep test. The wire is initially

30 cm long.

® Remove any load from the arm.

® Write down the specimen cross-sectional area and its gauge length.

® Carefully mount the lead specimen in the upper and lower grips.

e Zero the dial gauge (which measures the elongation in mm).

e Gently apply the load as per the instruction of your instructor.

e Immediately record the instantaneous elongation on the dial.

@ Record the elongation every 30 seconds until failure.

e Perform the test at least twice at two different loads and at room temperature
(800 and 1000g).

® Repeat the tests at the same loads used above but at higher temperatures (35

OC)
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Creep test

Name

Section

Results:

Plot the strain as a function of time for the test
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EXPERIMENT No. 8

Hardness Testing

L. Purpose:

To determine the Hardness of the material as it is one of the required properties for

some service conditions.

I1. Background:

Review the sections in your materials science textbook covering the mechanical

properties of materials.

IIIL. Introduction:

The material is selected by matching its mechanical properties to the required service
conditions of the component. This means that the material is valuable to the engineer
if it meets the required mechanical properties. These mechanical properties are
strength, hardness, toughness, fatigue resistance... etc. This experiment will be of
value for engineer because it deals with the determination of the hardness of the
material.

Hardness of a metal is its resistance to surface indentation under standard test
conditions. It can also be considered as the resistance of material to localized plastic
deformation. Thre main test methods, that are used to determine hardness, are Brinell,
Vickers, Microhardness (Knoop), and Rockwell tests. A-summary of some important
parameters of these techﬁques, such as indenter type, shIaPe of indentation,

calculation formula, and required testing loads, are shown in Table 1.
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Tale 1. Parameters of hardness testing techniques. (Ref. H. W. Hyden et al, The

. structure and properties of materials, vol. ITl. Mechanical behavior, John Wiley

and sons Inc, 1965)
Twesls
Shape o - Formula for
Test Indenter Side View Top View Load Hardness Number"
Brinell 10-mm sphere - B Y P 2P
of stes] or i‘_ y HE= e o i
7 . ¢ S ) P #DID =~ VD =
tungsten varbide —lea
—#Id-—
Vickers Diamond 13§ ity dy F HV = | 854/
microhardness pyramid {! B" J j- !
Knoop Diamong | : - ' e P HK = 14204
microhurdness pyramid w 4
=111 f o
bir = 4.00 i
Rackwell and Diamond 120° 6 kg
Superficial shnes, . 100 kg » Rockwell
Rockwell T me o2 10, ¥ 150%g
diameter k4 .
steel spheres ——— _ J 15ka
30 kg Superficial Rockwell 74
" i kg
* For the hardness formulas given, 2 (the applied load) is in kg, while D, d. o}, and | are all in mm.
Source: Adnpted from H. W, Havden, W. G. Moffatt, and J, Wullf, The Strucnire and Properiies of Materinix, Vol, 11L Mechanical Betuvior. Copyright ©
1965 by John Wiley & Sons, New York, Reprinted by permission of John Wiley & Sons, Ine. 3 '

Brinell hardness test

In the E.irinell test an indenter consisting of a 10 mm case-hardened steel. or tungsten
carbide ball mounted in a suitable holder, is forced into a surface of the test-piece
using a suitable load (3000 kg for hard metals, 1500 kg for intermediate hardness, and
500 kg or lower for soft materials), which is maintained for a minimum of 30 seconds |!
for ferrous‘ metals and 60 seconds for softer metals (Figure 1). The diameter of tﬁe

circular indentation left in the surface after removal oi‘ the load is measured in two

directions at right angles using low-power graduated microscope. The average

diameter is taken.
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Load

=T AT

a) Load applied to boal _b) Load removed
Figure 1. Brinell hardness test

The Brinell hardness number (BHN or HB) is nominally the pressure per unit area in
kilograms per square millimeter. It is obtained by dividing the applied load by the
area of the surface indentation, which is assumed spherical. The applied load and the

diameter of indentation are entered into the following formula:

BHN or (HB) = 2P/2D[D- VD’- @] ..ouvvvvevvrvvenernnne. (1)

Where:

D - ball diameter (mm)

d - diameter of circular indentation (mm)

P - load, which, in hardness testing, inas units of kilogram-force (1kgf=

9.81 Newton) | |
However to avoid the tedious calculation, the Brinell hardness number may be found
from tables relatiﬁg hardness to the diameter of the indentation. Each table of such
relationships refers to a specific loéd and ball diameter. In carrying out a Brinell test
certain requirements must be met. For example: the depth of indentation must be not

too great relative to the thickness of the test piece otherwise the table supporting the
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test piece would be taking the load and not the test piece itself. For soft materials, the
| thickness of the test-piece should be at least 15 times the depth of the indentation
_ while for hard materials the thickness should be at least 7 times the depth of the
indentation. In general, the material's thickness should be no less than 10 times the
depth of the indentation. When thinner specimens are tested, the hardness of the anvil
underneath the specimen is what is really being tested.

The symbol HB is supplemented by numbers indicating the diameter of the ball used
and the load applied. Thus 248 HB 10 /3000 indicates that a Brinell hardness of 248
was obtained by using a 10-mm diameter ball with a load of 3000 kgf.

The Brinell test using a hardened steel ball is not reliable for materials of hardness
greater than 450 HB because of possible deformation of the indenter. The Brinell test
makes a relatively large indentation, which is desirable, when it is necessary to obtain
the average hardness of heterogeneous material (e.g. Grey cast iron). However, large
indentations may be objectionable.

The Brinell hardness number usually falls within a range of 90 to 630, with higher
numbers indicating greater hardness. The deeper the penetration, the larger the
diameter of the indentation and the lower the hardness number. If the penetrator
leaves an indentation with a diameter greater than 6 mm, a lighter load should be
used. When the penetrator is driven into the surface of the material, a ridge develops
around the indentation. This ridge tends to give a false reading on the diameter of tile
indentation.

On the upper end of the scale, Brinell numbers over 650 should not be trusted for two
reasons:

(1) The diameter of the indentation is so small that very slight inaccuracies in readings

will greatly affect the BHN.
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(2) the ball penetrator tends to flatten out and give inaccurately high diameters. Not
many common materials have BHNs over 650.

As a rule of thumb, a 3000-kg load should be used for a BHN of 150 and above; a
1500-kg load, for BHNs between 75 and 300, and a 500-kg load, for materials with
BHNSs below 100. These figures overlap to give a reasonable latitude in testing.

The Brinell test has some limitations and disadvantages. It is a destructive test
because it leaves an indentation in the material. In many cases, this renders the
specimen unfit for use. In addition, many Brinell testing machines are heavy (more
than 200 Ib), which makes them cumbersome and unfit for field service. They also
tend to be more expensive than other machines. For example, a basic Brinell testing
machine with accessories and microscope generally costs more than $5000. The test
itself tends to be subjective, in that the training, experience, and attitude of the
technician measuring the indentation may vary the results. This variation is generally
low, but two technicians performing the same test on the same specimen may have
results that vary up to an average of 10%. The Ineccssity of calculating the BHN rather
than obtaining the number from direct reading is also considered a limitation and
disadvantage. The Brinell test has some advantages. Because it is older and is well
established,most people are acquainted with the test, and the test results are generally
acceptedthroughout industry. The test can be performed quickly, generally in about 2
min.

Vickers hardness test

Vickers hardness test uses a diamond indenter, in the form of a right pyramid with a
square base and an angle of 136° between opposite faces, which is forced into the

prepared surface of the test material under a selected load (Figure 2). The diamond
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produces a square indentation and the average is taken of the diagonal length, which

* are measured by means of a microscope with a variable slit built into the eyepiece.

- !

a) Load applied to boal b) Load removed €) Variable slit in

microscope eye
Figure 2. Vickers hardness test

The width of the slit is adjusted so that its edges coincide with the corners of the
indentation and the diagonal length is then obtained from a revolution counter geared
to the movement of the slit

The ocular reading obtained is converted to a Vickers hardness number HV (or
sometimes called Diamond Pyramid Hardness (DPH)) by referring to the tables thus
obviating tedious calculation. However as with the Brinell test the hardness is defined

as:

HV (or DPH) = 1.854 P/ ....cceceerenevnnnnn )
Where
P - load in kgf

d - diagonal length in mm
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Loads between 5 and 120 kg in 5 kg increments can be used depending on the
hardness and thickness of the material being tested. The rate and duration of loading
(15 seconds) are controlled automatically by a piston working in an oil dashpot.

The symbol HV is supplemented by a number indicating the load used in the test; thus
650 HV/30 represents a Vickers hardness number of 650 obtained with a load of 30
kgf. Because the indentation made by the diamond is much smaller than that made in
the Brinell test, a smoother finish is required on the test material for Vickers hardness
testing. This means that the Vickers test is more suitable than the Brinell, test for
testing finished components. The sample is prepared as for microstructural test in
experiment No.3.

The Vickers test provides a suitable hardness scale for material ranging from the very
soft to very hard material up to a hardness number of about 300 the Brinell and
Vickers hardness values are nearly the same. But the higher values the Brinell results
are the lower due to distortion of the ball indenter.

As stated previously the Brinell hardness number is not reliable above 450 HB. The
hardness of the hardened steel ball indenter used in the Brinell must be not less than
850 HB.

The Vickers test is used primarily in research applications. One advantage claimed by
some Vickers machine operators is in the measurement of the indentation: A much
more accurate measure can be made of the diagonal of a square than can be made on a
circle, where the measurement is made between two tangents to the circle. It is a fairly
rapid method and can be used on metal as thin as 0.006 in. If is claimed to be accurate
for hardness as high as 1300 (about 850 Brinell). The indenter does not exhibit the

tendency to flatten out as much as with the Brinell test.
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Disadvantages are that the Vickers test is a destructive test. The test is much slower
than either the Brinell or the Rockwell tests. To use the Vickers test, the surface of the
specimén must be polished, which takes considerable time. Although the Vickers test
is more accurate than either the Brinell or Rockwell tests, the cost of the equipment is

much higher, although the results are as widely accepted.

Knoop hardness test and microhardness tester

The Knoop indenter is made of diamond and is ground so that it makes a diamond
shaped indentation, the ratio of the long to the short diagonals being 7:1. The Tukon
tester, with which the Knoop indenter is used, can apply loads of 25 to 3600 g. It is
fully automatic in making the indentation. The operator places the specimen under a
microscope and selects an area for testing. The test is conducted, and the indentation
is measured under a microscope. The Knoop hardness number is the ratio of the

applied load (in kg) to the unrecovered projected area (in mm2):

KHN =143 *PL/E «oovveeevereesneeisnsnenns 3)

where:

KHN: Knoop hardness number (in km/mm2)

P : load (in kg)

d: length of longest diagonal (in mm)

The Knoop hardness number is between 60 and 1000. It is a measure of the resistance
of the material's surface to penetration, or a measure of the surface plasticity of the
material. The Tukon-Knoop device and the similar Wilson-Knoop device are useful

for hardness testing on small parts or for testing hardness over a small area. Although

-161-




the Tukon tester is often supplied with a Knoop indenter, it can also be adapted for
use with a Vickers 136° diamond-pyramid indenter. Figure 3 shows the Knoop

indenter.

|

\/

/
v

o
L |

Figure 3. Knoop Indenter

'Rockwell hardness test

The Rockwell hardness test is made by applying two loads to a specimen and
measuring the difference in depth of penetration in the specimen between the minor
load and the major load. The minor load is used on the standard Rockwell tester to
eliminate errors that could be caused by specimen surface irregularities. The minor
load is 10 kilograms of force (kgf) when used with 60, 100, or 150 kgf major load and

3 kgf on the superficial tests where the major loads are 15, 30, and 45 kgf. The major

Rockwell hardness reading is based on the additional depth to which the penetrator is

|
|
l
load is applied after the minor load has seated the indenter firmly in the work. The |
|
forced by the major load (Figure 4). The depth of penetration is indicated on the dial ‘

; |

when the major load is removed. The amount of penetration decreases as the hardness
of the specimen increases. Generally, the harder the material is, the greater its tensile

strength will be, that is, its ability to resist deformation and rupture when a load is
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applied (see Table 1 in Appendix E). The Rockwell C scale is used for hard metals
such as heat-treated steels. A file, for example, may measure RC 65, a steel spring
about RC 45, and a good knife between RC 52 and 58. Since the C scale below RC 15
is somewhat unreliable, the B scale should be used for these softer metals. Soft iron
may read from 0 to 10 on the C scale but would read from 80 to 90 on the B scale.
There are two basic types of penetrators used on the Rockwell tester (Figure 5). One
is a sphero-conical diamond called a Brale that is used only for hard materials, that is,
for materials over B-100 such as hardened steel, nitrided steel, and hard cast irons.
When the C Brale diamond penetrator is used, the recorded readings should be
prefixed by the letter "C." The major load used is 150 kgf. The C scale is not used to
test extremely hard materials such as cemented carbides or shallow case-hardened
steels and thin steel. An A Brale penetrator is used in these cases and the A scale is
used with 60 kgf major load.

The second type of penetrator is a 1//6 -in. diameter steel ball that is used for testing
material in the range of B-100 to B-0, including such relatively soft materials as brass,
bronze, and soft steel. If the ball penetrator is used on materials harder than B-100,
there is a danger of flattening the ball. Ball penetrators for use on very soft bearing
metals are available in sizes of 1/2, 1/4, and 1/8 in. (Table 2). Figure 6 points out the

parts used in the testing operation on the Rockwell hardness tester.
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BRALE Sphero Conical Diamond Penetrator

Depth

L to which to which
B penetrator penetrator )
" » is forced by is forced by =
~_ 10 kgf. minor ioad 150 kgi. major load _ -~
- 2 =
. ~ | - J
L i - >
T
-\.__\ &\i P L
“‘\.\ ~ . Incrament in depth due to n- } = 7
R e crement in load is the iinear | o3
=
™ = measurement that forms - ol
- e . 1 - e
e e the basis of RHeekoell o -
Surface S N Hardness Tester - 3~
of specimen ~ oy readings . o

-

~

Figure 4. Schematic showing minor and major loads being applied. (Wilson

Instrument Division of Acco)

Figure 5. Brale and Ball. (Brale is a registered trade mark of American Chain &

Cable company, Inc.)
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Table 2. Penetrator and load selection. (Wilson Instruction Manual, American

Chain and Cable Company, Inc., 1973)

Major
Scale Load Dial
Symbol Penetrator (kegf) Figures  Typical Applications of Scales
B Yie in, ball 100 Red Copper ailoys, soft steels, aluminum alloys,
malleable iron, etc.
C Brale 150 Black Steel, hard cast irons, pearlitic malleable iron,
titanium, deep case-hardened steel. and other
materials harder than B-100
A Brale 64 Black  Cemented carbides. thin steel, and shallow case-
* hardened steel
D Brale 100 Black Thin steel, medium case-hardened steel. and
pearlite maligable iron
E Y in. ball 100 Red Cast iron, aluminum and magnesium alloys, and
bearing metals
F Yie in, ball 60 Red Annealed copper alloys, thin. soft sheet metals
Y16 in. ball 150 Red Phosphor bronze, beryllium copper, malleable
irons. Upper limit G-92 1o avoid possible
flattening of ball
z :/i :E ::j:: Ig{ol g:j j Aluminum, zinc, lead
L Y in. ball 60 Red ‘
b 5
pr ', ::: gii: :23 gzj l Bearing metals and other very soft or thin
R Y in. ball 60 Red materials. Use :the 5mai]e§l ba_l] and heaviest load
S Ve in. ball 100 Red that does not give an anvil effect.
v Y in. ball 150 Red

1. Crank handle.

2. Penetrator.

3. Anvil.

4. Weights.

5. Capstan handwheel.
6. Small pointer.

7. Larger pointer.

8. Lever for setting the bezel.

Figure 6. Rockwell hardness tester. (Wilson Instrument Division of Acco)
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Superficial Testing

After testing sheet metal, examine the underside of the sheet. If the impression of the
penetrator can be seen, then the reading is in error and the superficial test should be
used. If the impression can still be seen after the superficial test, then a lighter load
should be used. A minor load of 3 kgf and a major load of 30 kgf is recommended for
most superﬁciai testing. Superficial testing is also used_ for case-hardened and nitrided
steel having a very thin case. A Brale marked N is needed for superficial testing, as A
and C Brales are not suitable. Recorded readings should be prefixed by the major load
and the letter N when using the brale for superficial testing, for example, 30N78.
When using the 1/16 -in ball penetrator, the same as that used for the B, F, and G
hardness scales, the readings should always be prefixed by the major load and the
letter T, for example, 30T85. The 1/16 -in ball penetrator, however, should not be
used on material harder than 30T82. Other superficial scales, such as W, X, and Y,
should also be prefixed with the major load when recording hardness. See Table 3 for
superficial test penetrator selection.
Table 3. Superficial tester load and penetrator selection. (Wilson Instrument

Division of Acco)

Load

Scale Symbol Penetrator (kef)
15N Brale 15
30N " Brale 30
45N Brale 45
i15T - Ve in. ball 15
30T s in. ball 30
45T Vie in. ball 45
15w Y4 in. bali 15
30w Y4 in. ball ! 30
45W. YA in. ball 45
15X %4 in. ball 15
30X . Y4 in. ball 30
45X Y4 in. ball 45
15Y % in. ball 15
30Y Y in. ball 30
45Y 4 in. ball 45
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The basic anvils used for Rockwell testing are shown in Figure 7. Flat anvils are used
for specimens with flat surfaces and V-type anvils for round specimens. A spot anvil
is used ‘when the tester is being checked on a Rockwell test block. The spot anvil
should not be used for checking cylindrical surfaces. The diamond spot anvil (Figure
8) is similar to the spot anvil, but it has a diamond set into the spot. The diamond is
ground and polished to a flat surface. This anvil is used only with the superficial

tester, and then only in conjunction with the steel ball penetrator for testing soft metal.

(a)

L) (<)

)
Figure 7. Basic anvils used with Rockwell hardness testers. (a) Plane, (b)

shallow V, (c) spot, (d) culindron Jr. (Wilson Instrument Division of Acco)
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Figure 8. Diamond spot anvil. (Wilson Instrument Division of Acco)

Surface preparation and proper use

When testing hardness, a surface condition is important for accuracy. A rough or
ridged surface caused by coarse grinding will not produce results that are as reliable
as a smoother surface. Any rough scale caused by hardening must be removed before
testing. Likewise, if the workpiece has been decarburized by heat treatment, the
remaining softer "skin" should be ground off the test area.

Error can also result from testing curved surfaces. This effect may be eliminated by
grinding a small flat spot on the specimen. Cylindrical workﬁieces must always be
supported in a V-type centering anvil, and the surface.to be tested should not deviate
from the horizontal by mére than 5 degrees. Tubing is often so thin that it will deform
when tested. It should be supported on the inside by a mandrel or gooseneck anvil to

avoid this problem.
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Several devices are made available for the Rockwell hardness tester to support
-overhanging or large specimens. One type, called a jack rest, is used for supporting
long, heavy parts such as shafts. It consists of a separate elevating screw and anvil

support similar to that on the tester. Without adequate support, overhanging work can

damage the penetrator rod and cause inaccurate readings.

No test should be made near an edge of a specimen. Keep the penetrator at least 1/8 -

in. away from the edge. A test block should be used every day to check the calibration

of the tester if it is in constant use.

Useful Information

1. It is possible to convert from Rockwell to Brinell, and vice versa. For
Rockwell C values (HRc) between -20 and 40, the Brinell hardness number is
calculated by

BHN = 1.42 x 10°%/(100-HRc) .........ccvvur “)

For HRc values greater than 40, use the following formula:

BHN = 2.5x10°/(100-HRC) «.vvvvveeeerreeennnnnn (5)

For HRa values that fall between 35 and 100, use the following:

BHN = 7.3 xI0O°/(130-HRD) ......ccoveeren.... (6)

2. It is worth mentioning that a statistical analysis of the measured values of
hardness are necessary because more than four readings should be taken and
different places should be considered for testing to see the variability of these
rea&ings. The statistical analysis comprises the calculation of the mean and
standard deviation of the readings.

An average value is obtained by dividing the sum of all measured values of x by the

number of measurements taken (n). In mathematical terms, the average x of some

parameter Xxi is:
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where n is the number of observations or measurements and xi, is the value of a

discrete measurement.

Furthermore, the standard deviation s is determined using the following expression:

n
2 (X5 3:)2 (&

i=1

n—1
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IV. The Experiment:

- Material

¢ Steel and aluminum samples of different thickness and different treatments.

Equipment

¢ The Brinell testing machine.
¢ The Rockwell testing machine.

¢ Vickers or microhardness testing machine.

Procedure

The testing sequence of the Brinell hardness tester

¢ The desired load in kilograms is selected on the dial by adjusting the air
regulator.
¢ The specimen is placed on the anvil. Make sure the specimen is clean and

free from burrs. It should be smooth enough so that an accurate measurement

can be taken of the impression.

¢ The specimen is raised to within 5/8 in. of the Brinell ball by turning the
handwheel.

¢ The load is then applied by pulling out the plunger control. Maintain the
load for 30 seconds for nonferrous metals and 15 seconds for steel. Thén
release the load.

¢ Remove the specimen from the tester and measure the diameter of the
impression.

¢ Determine the Brinell hardness number (BHN) by calculation or by using

the table. Soft copper should have a BHN of about 40, soft steel from 150 to
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200, and hardened tools from 500 to 600. Fully hardened high carbon steel
would have a BHN of 750. A Brinell test ball of tungsten carbide should be

used for materials above 600 BHN.

Brinell hardness testers work best for testing softer metals and medium-hard tool
steels.
The testing sequence of Vickers hardness tester
¢ A specimen is placed on the anvil and raised by a screw until it is close to
the point of the indenter.
¢ By tripping a starting lever, a 20:1-ratio loading beam is unlocked, and the
load is slowly applied to the indenter and then released. A foot lever is used to
reset the machine.
o After the anvil is lowered, a microscope is swung Over the specimen, and the
diagonal of the square indentation measured to 0.001 mm. The machine may
also employ 1- and 2-mm ball indenters.
+ Apply the load for 15 seconds

¢ Remove the specimen
¢ Calculate the hardness
The testing sequence of Rockwell hardness tester
¢ Using Table 2, select the proper weight and penetrafor. Make sure the
crank handle is pulled completely forward.
+ Place the proper anvil on the elevating S{;I'E:W, taking care not to bump the
penetrator with the anvil.
+ Make sure that the specimen to be tested is free from dirt, scale, or heavy

oil on the underside.
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¢ Place the specimen to be tested on the anvil. Then by turning the
_ handwheel, gently raise the specimen until it comes in contact with the
penetrator.

¢ Continue turning the handwheel slowly until the small pointer on the dial
gage is nearly vertical (near the dot). Now watch the long pointer on the gage
and continue raising the work until the pointer is approximately vertical. It
should not vary from the vertical position by more than five divisions on the
dial.

¢ Set the dial to zero on the pointer by moving the bezel until the line marked
"zero set" is in line with the pointer. You have now applied the minor load.
This is the actual starting point for all conditions of testing.

¢ Apply the major load by tripping the crank handle clockwise.

¢ Wait 2 seconds after the pointer has stopped moving, then remove the
major load by pulling the crank handle forward or counterclockwise.

¢ Read the hardness number in Rockwell units on the dial. The black
numbers are for the A and C scales and the red numbers are for the B scale.

¢ The specimen should be tested in several places and an average of the test

results taken, since many materials vary in hardness even on the same surface.
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Student Notes
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Hardness Testing

Name Section

Results:

The hardness testing results

Al Specimen | Brinell Vicker’s Rockwell Steel Brinell Vicker’s Rockwell
thickness Hardness | Hardness Hardness specimen Hardness Hardness Hardness

(mm) HB HV HR Thickness HB HV HR

Note: The test should be repeated four times for each thickness fest.
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Questions:

What is the effect of thickness on the results?

Find the limits of the hardness value using statistical tools described under the title

“uncertainty” in this manual.
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EXPERIMENT No. 9

Fatigue testing

L. Purpose

To introduce the student with the way of examining the behavior of the material under

cyclic loading using a Wohler rotating fatigue apparatus.

I1. Background

Review the sections in your materials science textbook covering the mechanical

properties of materials.

II1. Introduction

A component is often subjected to the repeated application of stress below the yield
strength of the material. This cyclical stress may occur as a results of rotation,
bending, or vibration. Even though the stress is below the yield strength, the material
may fail after a large number of applications of stress. This mode of failure is called
fatigue.

Failures caused by fatigue are found in many of the materials of industry. Some
plastics and most metals are subject to faﬁgue in varying degrees. Fatigue is caused
by a crack that is initiated by a notch, bend, or scratch that continues to Igrow
gradually as a result of stress reversals on the part. The crack growth continues until
the cross-sectional area of the part is reduced sufficiently to weaken the part to the
point of failure. Even welding spatter on a sensitive surface such as a steel spring can
initiate fatigue failure. Fatigue is greatly influenced by the kind of material, grain

structure (anisotropy), and the kind of loading. Some metals are more sensitive to
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sharp changes in section (notch sensitive) than others. Parts should be designed and

fabricated to utilize directionality of grain flow. Fatigue is caused by a concentration
of tensile stress that can often be corrected by a change in design (Figures la and 1b).
Parts that are subject to stress reversals (cyclic stresses) can have their fatigue life
extended considerably by raising compressive stresses on the surface (Figure 2). This
can be done in several ways: by carburizing, nitriding, or surface hardcning by

induction or flame.

=)
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STRESS FACTOR !-‘l STRESS FACTOR ¥ STRESS FACTOR l.lé STRESS FACTOR &.i-;’

Figure 1a. Stress factors (Courtesy Steel Corporation).

CORRECT PRACTICE INCORRECT PRACTICE
( 2 SMOOTH ROUGH b S
SURFACE SURFACE - '
LARGE SMALL '
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FOR THREADING FOR THREADING L.;.s.u.w.:;w.«ﬂ_
7 GENEROUS . NO FILLET———
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e RELIEF
~—PAD ? NO PAD——

Figure 1b. Design consideration as stress is a function of design (Courtesy Steel

Corporation),
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Intermittent

loading
Compressive stresses induced
by shot peening ar carburizing
tend 1o cancel out tensile
siresses
s P Rl Y

Tensile stresses are induced
here and lend to start
fatigue cracks

L~

Figure 2. Fatigue failures are caused by tensile stresses on areas of stress
concentrations. Compressive stresses induced by shot peening or carburizing
tend to cancel out the tensile stresses and therefore reduce fatigue failure (Neely,

1989).

To increase fatigue life or the endurance limit, parts are sometimes subjected to shot
peening to produce residual compressive stresses on the surface. A study of individual
fatigue problems based on the service conditions and by direct observation of the
failure can often lead to a conclusion that explains the cause or causes and suggests
some corrective measures. The loading of the part can be high or low for its size; it
can have high or low speed or stress reversals caused by misalignment. Vibration is
often a cause of fatigue, the frequency and intensity being factors. Occasional
overloads are also instrumental in initiating failure. Fatigue failures are usually

characterized by three distinct surfaces or stages (Figure 3).
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Figure 3. Clasic example of fatigue in a shaft. The three distinct areas can be

seen heére.

Stage 1. A smooth surface with wave marks such as seen on clamshells. This area
represents a slow progression of the initial crack.

Stage 2. A similar but rougher surface _show'mg coarse wave marks progressing
toward the center. The symbols and nomenclature related to fatigue failures are

illustrated in Figure 4.

Stage 3. Acrystalline area showing the final sudden failure of the part. It is last portion

that prompts the erroneous conjecture that the part has “crystallized”.
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{1) Concentric

{2) Eccentric

(3] Double sided, convex
{4) Double sided, concave
{5) Single sided, concave

(6) Single sided, convex

Fatigue zone (Dull, smooth, velvety)

Instantaneous fracture zone
(Coarse, bright, crystalline)

Figure 4. Symbols and nomenclature established by Bacon are useful for the

designation of fracture appearance. (Courtesy Steel Corporation).

Stage 1 of the fatigue process may take months or years to progress to the more rapid
Stage 2. The fatigue process in Stage 2 produces striations (as seen in the center
portion), often on plateaus separated by shear bands or steps. Each striation is the
result of a single stress cycle; however, a stress cycle does not always produce Ia
striation. Stage 3 is often a brittle fracture, representing the final, sudden failure of the

part.
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Types of fatigue failures

Some of the more common fatigue fracture appearances associated with various

bending conditions are illustrated in Figure 5. The following cases are examples.

| Stress No Stress Concentration i Mild Stress Concentration High Stress Concentration
| Case h-n.:sm ﬁiﬂ!gihas'lnﬂygsm;mhgsm u-m::ms ﬁnon'ntms
E .
1
One-way

bending lsad
I 2
' Two-way
‘l bending load
[
‘. 3 Z 7
]muﬁga‘
! rotation lead

Figure 5. Fracture appearance of fatigue failures in bending. (Courtesy Steel
Corporation).

Case I one-way bending load

No stress concentration

A small elliptically shaped fatigue crack usually starts at a surface flaw such as a
scratch.or tool mark. The crack tends to flatten out as it grows. It is caused by the
stress at the base of the crack bei.né lower because of the decrease in distance from the
edge of the crack to the neutral axis. The degree of overstress in the part is indicated
by the amounts of smooth-textured area as compared with the crystalline-textured
area of the fracture. A large crystalline area indicates high overstress (Figure 5, 1-b). {
A smaller crystalline area indicates a lower overstress, which would require the

greater number of cycles necessary to produce failure (Figure 5, 1-a).
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Mild stress concentration.

If a distinct stress raiser such as a notch is present, the stress at the base of the crack
~would be high, causing the crack to progress rapidly near the surface, and the crack
tends to flatten out sooner. The degrees of overstress by the relative areas of smooth
and crystalline textures on the fracture surface are shown in Figure 5, 1-¢ and \-d.

High stress concentration.

The smooth fracture growth can change from concave (as in 1-b) to convex as the rate
of crack growth circumferentially at the surface exceeds the radial crack growth. In

high overstress, the convex texture can occur extremely early in crack formation.

Case 2 two-way bending load

No stress concentration.

Cracks start almost simultaneously at opposite surfaces when the surfaces are equally
stressed. The cracks proceed toward the center at similar rates and result in a fracture
that is rather symmetrical (2-b of Figure 5). In low overstress conditions (2-a), cracks
may not begin at the same time; consequently the fracture is less symmetﬁcal.

Mild stress concentration.

Higher stress concentration and the increased rate of circumferential crack growth
cause the fracture to flatten out more quickly. Rapid radial crack growth tends to
promote a concave zone with a relatively small radius of curvature. As the relative
rates of cirlcumferential and radial crack growth tend to become equalized, the radius

of curvature tends to increase.
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High stress concentration.

In this. case, the circumferential crack rate increases rapidly, quickly exceeding the
radial crack rate and the radius of curvature changes from concave to convex. The
relative areas of smooth and crystalline textures discussed earlier also

apply here.

Case 3 Reversed bending and rotational load

No stress concentration

As in Case 2, stress occurs at two extreme surface fibers. Usually the weaker area will
fail first. The fracture tends to progress and flatten out from the initial small, concave
crack. Eventually the fracture tends to become a straight line. The crack tends to
propagate against the direction of rotation. With low overstress, the crack growth can
proceed well beyond the center and promote circumferential growth prior to complete
failure. With high overstress, the crack does not proceed as far as shown in 3-b of
Figure 5. |
Mild stress concentration

With high over-stress, the notch causes early crack formation and rapid crack growth
around the periphery, and the crystalline zone is centrally located as shown in 3-d.
Low over-stress tends to start the crack at the weakest point and the crystalline zone is
moved away from the point of crack initiation (3-c). Extremely tough material will
respond to these conditions with a fracture similar to 3-a.

High stress concentration

A combination of severe concentration and high overstress, such as a groove
machined about the entire periphery with a sharp notch radius, causes cracks to start
all around the circumference at the same time. The resultant crystalline failure is

somewhat circular in appearance and centrally located (3-/). Lower overstress tends to
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move the point of failure away from the central location (3-c of Figure 5). When a
 shaft is subjected to a torsional load, the maximum shear stress is equal to the
maxunum tensile stress. However, the corresponding two strengths in steel are not
equal, the shear strength being approximately one-half the tensile strength. The shear
stress, therefore, will reach the shear strength before the tensile stress will reach the

tensile strength; therefore, a shear type of failure will result (Figure 6).

Kind of Transverse Longitudinal
failure shear shear
Pattern _ § ( e ()
Star Offset Spiine-type
Variation

Figure 6. Basic types of torsional failure fractures.

One reason that transverse (crosswise) cracks are more prevalent than longitudinal
cracks is that grinding or machining marks, which accentuate the probability of
failure, are oriented in the transverse direction. The quality of surface finish is
therefore very important. Splined shafts almost always produce a characteristic
compoun(i fracture. Fatigue cracks originatel almost simultaneously at all the spline
roots and grow until the shaft ruptures. The use of fibrous-type steels tends to increase

this problem.
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Basic concepts of the fatigue testing method
A common method to measure a material’s resistance to fatigue is the rotating
cantilever beam test. One end of a machined, cylindrical specimen is mounted in a

motor-driven chuck. A weight is suspended from the opposite end (Figure 7).

Fe

e }i{j

Figure 7. Schematic of fatigue testing machine.

= S——

The specimen (sample) is loaded as shown in Figure 8. The loading corresponds to a
clamped bending bar under a concentrated force (F). This induces a triangular
bending moment (Mb) in the sample. The bending moment is fixed but the specimen
is rotating, it is loaded by an alternating, sign-shaped bending stress (Figure 9).

During rotation, the specimen initially has a tensile force acting on the top surface,
while the bottom surface is compressed. After the spe;:imen turns 90°, the locations
that were originally in tension and compression have no stress acting on them. After a

half revolution of 180°, the material that was originally in tension is now in
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compression. Thus, the stress at any one point goes through a complete sinusoidal ‘

cycle from maximum tersile stress to maximum compressive stress.

&}f\:’%\\\ﬁ\\\\\ﬁx\\\‘q

(Y ——

R\\\\Q\\'&\\\\\\\% -
!

Y 2 - \

Figure 8. Schmatic loading of the sample

IO

" [} I
Tyl Oa
) ]

Figure 9. Alternating cyclic loading. 6,,-mean stress, 6,-altrnating stress

amplitude, o,-minimum stress, cp-maximum stress.
Via various curvature radii and degrees of surface roughness of the specimen used, it
is possible to examine the influence of the notch effect on fatigue strength. Based on

this, three standard testing samples or bars of sizes as shown in Figure 10 are used for

-187-




fatigue testing. The stress (S) and the number of cycles (N) at failure are recorded and

then plotted on an S-N work sheet with logarithmic scale (Figure 11).

A
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a) Test bar 1.
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i Bezel 1 x 45°

b) Test bar 2.
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B12hp
%87

¢) Test bar 3.

Figure 10. Standard testing bars
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Alternating stress amplitude N/mm
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10" 10° 10° ST
Number of load cycles N
Figure 11. Stress — number of cycles at failure diagram (S-N curve).
The fatigue testing apparatus is working based on pure reversed bendiﬁg stress
without mean stress (mean stress =0). For this reason it is only possible to determine
fatigue strength under complete stress reversal (ew) with a revolving fatigue testing
machine. It represents a special case of fa_tigﬁe strength.

Referring to Figure 8, the bending moment is calculated as:
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N,

Where:

M, — bending moment

F —the load

A —the length of the lever arm
By using the section modulus (Wp):

Oa=MyWp  cevreeeeecessrsnssssssnsrsassssnsasssasasnsns 2)

where:

oa- Alternating stress amplitude

W= B2 wiviisvssnsnes I 3)

The maximum bending stress acting on this type of specimen is given by:
,=32Fa/nd =10.18*F*a/ & ..ceorerureens )
The endurance limit, fatigue life, and endurance ratio of the material can also be

determined using the results of the test. These concepts can be found in your textbook

and left for your own work.

-190-




IV. The Experiment

Material

A set of specimens of carbon steels.

A set of specimens of carburised carbon steel.

Equipment

WP 140 rotating fatigue testing apparatus

Procedure
¢ To carry out any meaningful fatigue experiment a consistent set of test
specimens must be prepared. The typical standard specimen is shown in
Figure 10. In this experiment a set of specimens of carbon steels and a set of
specimens of carburised carbon steel were used. A minimum of 10 specimens
for each Part is recommended. They must all be cut from one length of
material. In addition at least one tensile test specimen must be taken if the
lower yield or 0.2% proof stress, the ultimate strength, the elongation on five
diameters across the fracture, and if possible the uniform elongation of the
material being investigated are not known for the material.
¢A set of bending stresses from say 0.9 to 0.5 of the yield or proof stress
should be selected to match the number of test specimens for the complete
experiment. The surface condition of the standard specimens should be noted
(i.e. as machined, ground, polished).
.olf the equipment is available, measure and record the surface roughness in
the direction of the stress. Setting u-p is a reasonably simple operation provided
it is done methodically. The objective is to align the specimen and loading arm

with the axis of rotation to eliminate stresses due to eccentric whirling. Note
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that one plain end of the necked specimen is slightly longer than the other;
this end should be inserted into the chuck on the bearing block.

¢ Adjust the six grub screws until the specimen turns concentrically. Move the
dial gauge to the other end of the specimen and check the concentricity..

+Now slide the loading arm onto the specimen making sure that the specimen
is touching the bottom of the hole in the chuck. This fit ensures that the lever
arm is the correct dimension.

o+ Select the bending stress for the test and apply the required weight on the
load hanger. Set the revolution counter to zero, and fit the safety guard over
the apparatus. With one finger ready to push the STOP button, use another
finger to press the ON button. If the motor starts and all seems well note the
time and make an estimate of when fracture might occur (allow one hour per
1/3million reversals).

+ Should the motor not start adjust the micro switch downward slightly and try
again.

¢ Normally the test terminates itself through the fracture of the specimen
opening the micro switch and hence stopping the motor. As the onset of
fracture approaches the specimen will bend more, and this may open the micro
switch before complete fracture occurs. In this case move the micro switch
down slightly and restart the motor.

¢ When the bending stress is at or below the endurance limit for mild steel it
may be decided to stop the test at, say,10 reversals (aﬁprommgtely 30 hours of
running time). The result should be noted as NOT FAILED at the recorded
count, and the test Spg:cimen must be labeled with its history and removed

from the apparatus. The marks made by the twelve grub screws will show it is
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no longer a virgin specimen. A similar situation may also arise when an
aluminum alloy specimen is subjected to a low bending stress.
" ¢#Record the data

¢ Draw the S-N curve.
Part 1
Using a set of mild steel standard specimens, allocate the stress levels and tests
throughout the class and proceed as above. Collate the results and plot them as they
occur on a graph of stress range S against logl0 number of reversals N.
Part 2
If time permits and the specimens are available, use a set of carburised specimens of

the same material as the standard specimens, and proceed as in Part 1.

Results

Plot log S against log N on suitable graph paper and look for best-fit lines. If the
results of previous classes are on record compare them with the current set of results.
Apart from similarity between the graphs, a clever comparison can be made by using
the ratio R = stress range S / (Ultimate strength of material instead of the actual stress

range). Differences in surface finish will upset this.

Observations

The g;ral;hs for mild steel standard specimgns should show an endurance limit. What
proportion of the ultimate stress is it? How does it compare with typical elastic design
stresses?

If the results contain repeated tests comment on their variability. In any event

comment on apparent scatter of each whole set of results from the curves drawn
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through them. If some results appear to be wild look at the fractured specimens to see

if there are visible reasons.

Comment on the validity of any conclusions, which you add to the end of your report.
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Fatigue Testing

Name Section

Results:

Record the following data

Number of cycles for testing bar 1 under different loading

No. Load (in N) Stress o, Endurance N Duration

(in N/mm®) (min)

Number of cycles for testing bar 2 under different loading

No. Load (in N) Stress g, Endurance N Duration
(in N/mm?) (min)
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B

Number of cycles for testing bar 3 under different loading

No. Load (in N) Stress o, Endurance N Duration ‘

(in N/mm?) (min)

Plot log S against log N and look for best-fit lines.
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Questions:

Comment on the validity of any conclusions you included in your report.
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EXPERIMENT No 10

Impact Test

I. Purpose

The student should recognize and understand the general procedures used to
conducting an impact test, perform the necessary calculations related to impact
testing, and recognize the expected impact test results.

II. Background
Review he sections in your materials science textbook covering the subject: Impact
and Impact testing.

111, Introduction
Materials often exhibit different properties, depending on the rate at which a load is
applied and the resulting strain that occurs. Most materials can withstand greater loads
before failure if the load is applied gently over a longer period of time (static testing).
If a smaller Ioa.d is applied suddenly (dynamic testing), the material may fail and
appear to have less strength. Because the properties of many materials are so strain-
rate-dependent, tests have been standardized to determine the energy required to break
materials under sudden blows. These tests are classified as impact tests. The general
outcome of an impact test is the determination of the energy required to break the
specimen.
Impact testing is used to measure the transfer of energy required to break a given
volume of material. Impact strength ié then an indication of how well a material can
withstand shock loading. Because energy cannot be created or destroyed, the energy
in the impact must be l;eleased through different channels. For example, energy can be
consumed in the elastic deformation of the specimen, the plastic deformation of the

specimen, friction between the moving parts, and other such actions. In the design of
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structures and machines, an attempt is made to provide for the absorption of as much
energy as possible through elastic action and rely secondly on some form of damping
to dissipate it. In impact testing, the obj ect is to use the

energy of the blow to rupture the test specimen. Energy is defined as the ability to do
work. Work is defined as a force operating through a distance. These two factors

together give us the equation

where:

W: the work done (in ft-Ib or N-m)

F: force applied (in Ib or N)

D: distance through which the force was applied (in ft or m)
The object of the impact test is to determine the work done in breaking the object
under a sudden blow. This can be accomplished by dropping a known weight on the
material specimen from a known height. The equation involved in dropping a known:
weight from a measured height is

E =wh or E = mgh (Metric)...........ccorervssnsnnnncs(2)

where:

E: the energy of the falling weight (in ft-Ib or N-m)

w: weight of the object (in Ib)

m: mass of the object (in kg)-

I : the height of the object before falling (in ft or m)

g:9.8m/s2
The property of a material associated with rupture is called toughness. The causes of
rupture are impact and force. Toughness depends chiefly on the ductility and strength

of a material. Impact testing is an adequate measure of a material's toughness.
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In making an impact test, the load can be applied in flexure, tension, compression, or
torsion. Flexure loadiﬁg is the most common, and tensile is less common.

_ Compréssion and torsional loadings are used only in special circumstances. The
impact blow can be delivered through dropping weights, swinging a pendulum, or
rotating a flywheel. Some tests involve rupturing the test specimen in a single blow; |
others use repeated blows. In tests involving repeated blows, some are multiple blows
of the same magnitude, whereas others, such as the increment-drop test, gradually |
increase the height from which the weight is dropped until rupture is induced.
Perhaps the most common tests are the Izod and Charpy impact tests. Both employ a |
swinging pendulum and are conducted on small, notched specimens broken in flexure.
The two tests differ in the design of the test specimen and the velocity at which the
pendulum strikes the specimen. In the Charpy test, the specimen is supported as a
single beam, but in the Izod test, the specimen is supported as a cantilever. In these .
tests, a large part of the energy absorbed is taken up in a region immediately adjacent
to the notch. A brittle type of fracture is often induced. Figure 1 shows the machine

used to conduct the Izod and Charpy tests.

Figure 1. Testing machine for Izod and Charpy tests
In the Izod test, the specimen shown in Figure 2 is supported vertically, being held in
avise at the base. The standard test velocity for the Izod test is 11.5 ft/s. In the Charpy

test, the specimen is mounted horizontally, being held at both ends as the pendulum
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strikes the specimen. The standard test velocity for the Charpy test is 17.5 ft/s. The

Charpy specimen is shown in Figure 3.

>m\;m<

lzg

Figure 2. Izod test specimen Figure 3. Charpy test specimen
The purpose of the notch in both specimens is to concentrate the stress, thus allowing
the energy to be absorbed at a single point in the specimen. This facilitates the
breaking of the specimen in a known region. Without the notch, the stress would tend
to be evenly distributed throughout the Ispecimen. The specimen would then
plastically deform by bending rather than breaking. This would render the results
invalid, because the purpose of the impact test is to determine the amount of energy
required to break the specimen.
CharpyTest

A Charpy test machine usually has a capacity of 220 ft-Ib for metals and 4 ft-Ib for
plastics (ASTM E 23). The pendulum consists of a relatively light, although rigid, rod
or piece of channel, at the end of which is a heavy disk. This pendulum swings
between two upright supports and has a rounded knife-blade edge at the end aligned

so that it contacts the specimen over its full depth at the time of impact.
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The standard test specimen is 10 x 10 x 55 mm, notched on one side in the center.
Some tests require keyhdle notches; others require U-shaped notches. The specimen is
, supportéd between two anvils so that the knife strikes opposite the notch at the
midswing point. The pendulum is lifted to the initial release angle. It is then released
and allowed to swing and strike the specimen.

The pendulum is set at a known angle, o, shown in Figure 4. Theoretically, if the
pendulum does not encounter any resistance, it should swing to angle o on the
opposite side. This theory discounts the effects of friction, which should be taken into
account when calculating the energy required for rupture. When conducting the test,
the pendulum is set to angle o.. With the test specimen properly placed, the pendulum
is released and allowed to swing freely. The pendulum gains momentum as it swings
through its arc toward the specimen. When the pendulum strikes the specimen,
breaking the specimen, it transfers some of its energy to the specimen. The pendulum

then continues on to the opposite side of the machine at an angle .

o il

Hammer rises to /
final angle il o
| /!
Iz ¥y
L e /
" \/ il

+— Hammer at
initial angle i

Figure 4. Impact test pendulum
Having recorded the wéight of the pendulum, the length of the pendulum arm, and the

initial and final angles (o and B), the following calculation can be made:

E = w(cos - cos a) or E = mgr(cos - cos ) T — “4)
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where:

E: weight of pendulum (in Ib)

m: mass of pendulum (in kg)

g :9.8m/s2

r : length of pendulum (in ft or m)

« : initial angle (angle of fall)

B : final angle (angle of rise)

IzodTest
The common Izod test machine is made with a 120 ft-Ib capacity. The test is similar
to the Charpy test, although the specimen placement and features are different. In Izod
impact testing, the pendulum sﬁikes the front face of the test specimen, just the
reverse of the Charpy impact teé.t. In the Izod test, the specimen is 10 x 10 x 75 mm,
having a 45° notch cut 2 mm deep. The impact strength of the specimen is based on
the angle of rise after rupture occurs. The energy in foot-pounds can be read directly

from the dial on the tester.
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IV, The Experiment
.Material
Three types of materials are used in this test: Killed low carbon steel, Three percent
nickel low carbon steel, and Six percent nickel low carbon steel.
Apparatus
The creep machine is shown in Figure 1.
Procedure

e Prepare the items that are required in impact testing, which are the

foundation, anvil, specimen supports, specimen, striking mass, and velocity of

the striking mass.

e The specimen should be supported firmly and in the correct position \
throughout the test.

® Determine the weight and the length of the arm of the pendulum '
® Determine initial angle (o) of the pendulum

e Determine final angle () of the pendulum

® The pendulum should be supported to reduce the lateral play, or restrain,
and friction that may be felt as it swings in an arc toward the test specimen.

® The release mechanism should be constructed to reduce any binding,
acceleration, or vibratory effects.

@ The kinetic energy is determined from, and controlled by, the mass of the

pendulum and the height of free fall measured from the center of the mass.




Student Notes
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Impact test

Name

Section

Results:

Calculation and comparison of results.




EXPREIMENT No. 11

Non destructive Testing
L. Purpose

To introduce the student to some non-destructive testing methods and to investigate
the availability and occurrences of defects within the given specimen.

I1._Background
Review the sections in your materials science textbook covering Failure-origin,
detection, and prevention.

II1. Introduction:
All metallic materials are imperfect, but this is only of concern if imperfections
adversely affect intermediate processing or the use of the finished product. In order to
detect imperfections, some form of testing is necessary. The objective of all testing is
to insure that materials and components perform in the way expected. If the testing
does not destroy the material in any way it is known as non-destructive testing (NDT).
Destructive testing has the following limitations:

1- A certain amount of the material has to be allocated for the testing,
some of which, however , may be subsequently usable as scrap.

2- Special test-pieces and specimens may have to be prepared.

3- Components may be damaged and have to be scrapped. The more work
which has been carried on the component before testing, th_e greater the
total cost involved in the testing.

4- In order that the test results procedures be standardised, tgst—pieces and
specimens are taken from products must be such that these are
representative of t_he bulk material. Test-pieces must be then carefully
prepared according to standard methods to ensure reliable and

meaningful results.
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These limitations and the development of highly stressed components such as
aluminum alloy castingé and forgings in aircrafts, and welded vessels in high-
, pressuré steam and nuclear energy plant, focused attention on means of detecting
flows in the finished article without destroying or damaging any part of it. Such
non-destructive tests include the following techniques: Visual, penetrant, magnetic
particle, electrical, acoustic and radiological methods.

Non-destructive testing may be broadly classified as follows:

Detection of surface flows:

I. Visual inspection.
II. Magnetic particle methods.
II1. Electrical methods.

Detection of internal flows:

I. Acoustic methods: Sonic and Ultrasonic methods.
1L Radiological methods which may be subdivided into: x-ray
examination and gamma-ray examination.

Visual inspection

1. Fluorescent-penetrant inspection

Invisible surface cracks, porosity, and other surface defects are also found by this
method in metals such as iron, steel, aluminum, bronze, tungsten carbide, and
nonmetals such as glass, plastics, and ceramics. Fluorescent-penetrant inspection is
widely used for testing and inspection on these materials. Zyglo, the Magnaflux
Corporation copyrighted name for this méthod, is similar to Magnaglo in the use of
black light to make the defects glow with fluorescence (Figure 1). Once applied,
Zyglo penetrant is drawn into every defect no matter how fine or deep, but it must be

given the time to do so. The length of time depends on the type of defect. The surface
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film is rinsed off with water, developer is applied to draw out the penetrant, and the
part is inspected for defects under black light where cracks and other flaws will |
fluoresce brilliantly. Zyglo systems are available in many sizes, ranging from

handportable test kits to huge automated systems.

P

Figure 1. Freshly reground carbide tipped tools as they appear; (left) — normal

visual inspection, perfectly good; (center)- test results with Zyglo penetrant; and
(right)- with supersensitive Zyglo pentrex. All cracks however small are found.
(Courtesy of Magnaflux Corporation)
2. Dye penetrant
A similar method of nondestructive testing using dye penetrants is visual inspection,
but without the black light and fluorescent penetrant. As with Zyglo, it may be used
on almost any dense material. This method, called Spotcheck by the Magnaflux
Corporation, works as follows: | |
1. Surfaces must be clean and dry prior to soaking.
2. Dye penetrant is applied to the defect and allowed to soak. Soaking time
should be sufﬁcieht to get the penetrant into fine cracks.
3. Remove excéss dye peﬁetrant, but do not rinse out cracks.
4, The developer .is applied. Allow enough time for the developer to find very

small cracks.
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5. Inspection shows a bright colored indication marking the defect.
Spotcheck (Figure 2) is available in sealed pressure spray cans or for brush or spray
‘gun application. Its advantages are portability for remote uses (Figure 3) or for rapid

inspection of small sections in the shop, low cost, and ease of application,

Figure 2. Spotcheck is used to locate Figure 3. Spotcheck is used to find
fatigue crack in punch press frame. dangerous crack in an aircraft wheel.

(Courtesy of Magnaflux Corporation) (Courtesy of Magnaflux Corporation)

Magnetic particle method (electro magnatic Yoke)

The magnetic particle method of inspections is a procedure used to determine the
presence of defects at or near the surface of ferromagnetic objects. It is based on the
principle that if an object is magnetized, irregularities in the material, such as cracks
or non-metallic inclusions, which are at an angle to the magnetic lines of force, cause
an‘abrupt change in the path of a magnetic flux flow through the piece normal to the
irregularity, resulting in a local flux leakage field and interference with the magnetic
lines of fo‘rce (Figure 4). This interference is detected by the application of a fine
powder of magnetic material, which tends to pile up and bridge over such
discontinuities. Under favorable conditions, surface crack is indicated by a line of
fine particles following the outline of the crack, and a subsurface defect by a fuzzy

collection of the fine particles on the surface near the defect.
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Figure 4. (a)- Normal lines of magnetic flux in a defect-free material; (b)- A flaw
in a ferromagnetic material that causes a disruption of the normal lines of
magnetic flux; (c)- Effect of flaw orientation on disruption of lines of flux; (d)-
Surface cracks made visible by magnetic particles

High frequency eddy current method

Eddy currents are alternating currents which are electro-magnetically induced in electrical
conductors, and which flow in closed loops. To generate eddy-currents a coil, energized
by an alternating current supply, is placed close to the metal under test, this induces in the
metal, alternating currents mirroring the current flow in the coil. These eddy currents can
be detected by reverse process.

In eddy-current testing, a search coil carrying (AC) is moved over the surface of the
component, under test and any change in the electrical properties of the coil is assumed to
indicate the presence if flaws. The method is only suitable for the detection of surface and
near surface défects in products of uniform section sucil as bars, rods, tubes and wire. A
schematic representation of the through coil and probe methods for eddy current

inspections is shown in figure 5.
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(b)
Figure 5. A schematic representation of the (a)- through coil and (b)-probe methods
for eddy current inspections.

In the non-ferrous wrought metal industries, eddy current testing is the most wildly used
non-destructive testing technique. It also occasionally used in steel industries, but the
ferro-magnetic nature of steel complicates the method. An advantage of eddy-testing is it
’s speed. Rods and tubes at throughput speeds up to 3.5 m/s and fine wire ﬁp to 50m/s. No
coupling medium is needed.

Ultrasonic testing

Sound is produced when an objects vibrates and can be propagated only through a
medium; it cannot travel through a vacuum. Sound is described in terms of it’s frequéncy,
i.e. the number of complete vibrations (cycles) which occur in one second. The unit of
frequency is the hertz (Hz) so that a frequency of 1Hz means 1 cycle/sec. The full range of
sound frequencies includes both a sonic rang between 16-20 kHz (which is audible to
human ear) and an ultrasonic range of 20 up to 1000 MHz or more. Ultrasonic testing uses
frequencies in the range of 0.5 to 20 MHz. Ultrasonic vibrations, in contrast to audible

vibrations, are not easily transmitted through gases. However, ultrasonic vibrations will
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readily pass through liquids and solids and can travel very long distances provided the

media are homogeneous. Discontinuities and interfaces (particularly with air) cause
ultrasonic vibrations to be almost completely reflected.

Flaw detection

The ultrasonic beam is introduced to the product under test by direct contact between the
crystal probe and the product. A film of coupling medium(usually oil) must be interposed
between the probe and the product because even a very thing gap(less than 10-3 mm)
would cause total reflection. It is not necessary to machine the surface of the product, but
scale, rust or any other foreign matter which would interfere with the close contact of the
probe with the surface should be removed. Ultrasonic waves may be used in two ways for
flaw detection:
i) Pulse-reflection ﬁethod.

ii) Transmission method.

The pulse-reflection method

Is by far the most commonly used. In this technique a pulse of ultra sonic waves is
introduced to into the component under the test and the time which elapses between
the transmission signal and the return of the reflected echo form the back wall of the
component, or form some intermediate defect, is measured. For a particular material
this time is proportional to the péth length of the waves, so that time is related to the

distance (Figure 6).
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This method has the advantages that the distance of the defect form the transmitting-
receiving crystal (transceiver) can be accurately measured and also that this
measurement can be made for just one side of the component.

The indication of the transmitted pulses and reflected echoes, and the measurement of
the time interval between them, is carried out using a cathode-ray oscilloscope. The
apparatus can Be calibrated directly in units of the length, and the distance form the
surface in contact with the probe to the flaw can be read in millimeters.

Transmission method

A continuous ultrasonic beam is used. Two probes, one a transmitter and the other a
receiver, are positioned on opposite sides of the component under test and the
ultrasonic beam passes from one to the other as shown in (Figure 7). Two peaks only
. appear on the cathode-ray oscilloscope, the on one the left is the transmission peak
and the right hand one showing the intensity of the beam reachirig the receiver. In this
case of a perfectly sound component, the two peaks are of equal height, but, when a
defect is present, th;e peak on the right is reduced in height, beﬁause some of the

energy of the beam is reflected form the discontinuity to the transmitter.
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Figure 7. Through transmission ultrasonic test

In the transmission method the two surfaces of the component on which the probes
are used must be parallel, because if the ultrasonic beam reaches the opposing face at
an angle, there will be refraction in addition to reflection.
The pulse-reflection is preferred for the following reasons:

i) A single transceiver only is required.

ii) Only one surface of the component under test is used.

iii) The backwall of the component need not to be parallel to the opposite

face

Radiographic testing
Radiographic testing utilizes the ability of X rays (Figures 8) or gamma rays (Figures
9) that are emitted from radioactive materials, such as radio active radium or cobalt
60, to pass through solids. The test results are determined from a radiograph, which is

a film exposed to radiation that has gone through the test materials.
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Figure 8. How X-ray inspection works (Machine tools and Machining Practice) ‘

Shadows on the radiograph reveal defects, since the radiation will pass through a .
void, crack, or area of lower density at a greater intensity and will appear darker on
the negative (Figures 12a and 12&). This testing method is widely used for forgings, !
castings, welded vessels including welds on pipelines, and corrosion analysis on

pipelines and structures. Portable equipment is used for field inspect:.ion. Since there is ‘
a radiation hazard, only trained technicians should use the equipment. The test is quite
sensitive and provides a permanent record. However, a new, low-intensity, portable

X-ray device has been developed that uses low-level radioactive isotopes. A person

can operate this device for several years and incur no more radiation exposure than an

annual X ray, according to the manufacturers. Objects can be viewed on a screen in

real time (instantly) and can also be reéorded on a Polaroid film. Portable X-ray

analyzers are also used for verifying and sorting metals for alloy content and '
impurities. These devices are ideal for sorting scrap metals for producing high-
integrity steel and nonferrous metals. A radiation detector may be used to determine

material thickness, since the radiation that passes through the test material decreases
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as the thickness increases. A moving, continuous strip of material can then be

constantly monitored for thickness without any physical contact with the radiation

source or detector.

Figure 12b. A radiograph of the gear in
Fig.12a. It reveals considerable porosity
(black spots near the hub are holes in the

metal).(Neely, 1989)

Figure 12a. The gear looks perfectly sound
on the outside surface.(Neely, 1989)
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IV. The Experiment

Magnetic paﬂicle method (electro magnatic Yoke)

Material
¢ steel tube.
¢ Black magnetic ink
¢ Iron magnetic powder
Equipment
¢ Electro-magnetic yoke.
Procedure
¢ Clean inspected area of specimen with steel brush and wipe off with cloth.
¢ Place yoke on test piece perpendicular to direction of suspected cracks.
¢ Energize yoke magnetic field will form in test piece.
¢ Apply magnetic ink or powder while yoke is still energized.

¢ Indications will form immediately.

High frequency eddy current method

Materials

¢ Aluminum and steel specimen
Eg uipme'nt

¢ Locator UH high frequency eddy current unit probes.
Procedm.-e:

Setting up

¢ Connect probe required and set the frequency switch to match.
¢ Set type of alarm condition required

¢ Set the metal selcctor—sWitch to match the metal to be tested.
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¢ Set alarm level required.

¢ Switch to “ON”.

¢ Place probe on surface of sound part of the metal.

¢ Press and release “TRAIN” bottom. Lower L.E.D lights up. Raise probe

until upper L.E.D lights. Lower probe to surface, raise probe again until upper
L.E.D lights, lower probe to surface. “TRAIN” period is ended when both
L.E.D ’s are extinguished.

¢Movement upwards during “TRAIN” should be only a fraction of a (mm).
Downward movement to the surface of the metal should be gentle.

¢ Probes with flat ends should be held accurately perpendicular to the metal
surface during the train proc_edure.

eIdeally the probe should be raised and lowered about twice/sec during the
train period but this is not critical. After two or three cycles, the probe may be
left resting on the metal until the train period is offer.

¢ Ensure that left-off is compensated by raising the probe slightly by inserting
a plastic spacer (0.1-0.2mm) and check that meter deflection is less thaﬁ 20%

when sensitivity is set at 5.

Note that GMH2 flat-end shielded probes will compensate only over very short

distances, so lift-off is best checked by rocking the probe by say +/- 15 degrees.

¢ The unit is now compensated for lift-off and will indicate surface breaking
cracks. Sensitivity may be set by training on the calibration block of similar
metal and setting the deflection for a given slot depth e.g 80% deﬂectmn for

0.5 mm slot.
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Operation

¢ Move the probé lightly across the work piece surface , maintaining the probe
épijroximately perpendicular to the surface of the sample.

¢ A crack will be indicated by a sharp kick on the meter.

¢The meter deflection is at a maximum when the probe head is over the
center of the crack. The magnitude of the deflection indicates the severity of

the crack.

Required

¢ Draw a schematic diagram of the apparatus used.

¢ Make a sketch of the used specimen.

¢ Show the obtained results for the specimen used.
Ultrasonic testing

Equipment

¢ Ten-eleven SG ultrasonic unit and transducer.
¢ Ferrous and non-ferrous specimens.
Procedure

Setting-up

¢ Connect transducer as a Tx “transmitter” or Rx “receiver”.
¢ Set gain required.

¢ Sét range required.

¢ Turn on the unit.

¢ Set focushneeded.

¢ Place lubricant “oil, water” on the surface of the workpiece.

¢ Place transducer on surface of the metal.
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Operation

¢ Move the transducer gently across the workpiece surface.
¢ A discontinuity “crack, hole” will be indicated by a pip on the oscilloscope.
o The distance between the blips (pips) is proportional to the depth of the
defects.
Required
¢ Draw a schematic diagram of the apparatus used.
¢ Make a sketch of the used specimen.
+Show the obtained results for the specimen used.

Write vour results and observations in a report form.
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Non-destructive Testing

Name Section

Results:

Magpnetic particle method.:

Sketch of the used specimen and the obtained results for it

224-




High frequency eddy current method.

Sketch of the used specimen and the obtained results for it

Transmission method
Sketch of the used specimen and the obtained results for it.
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Section 1V. Solid solution strengthening
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EXPERIMENT No.12

Construction of Equilibrium Phase Diagram
From Cooling Curves

L. Purpose:

To introduce the student with the way of constructing phase equilibrium diagrams

from the cooling curves.

1I. Backgrou}zd:

Review the section in your materials science textbook covering the subject: solid

solution strengthening and equilibrium phase diagrams.

IIL. Introduction:

Equilibrium phase diagrams are graphical representations that can be used to indicate
the phases of the alloy that present at any selected temperature, the composition of
each phase, and the amount of each phase for the desired temperature and
composition. Equilibrium phase diagrams have wide applications in melting
operations, casting, welding and heat treatment processes.

Many techniques are used for the experimental determination of phase diagraﬁ:ns. The
widely used technique is the thermal analysis. In this method cooling curves of
different proportions of elements (0 — 100%) are obtained where the rest points
obtained when the temperature to time ratio changes indicate phase and lattice
changes (microscopically). Studying a particular cooling curve yields data related to a
particular combination ;)f two or more metals for the entire temperature range through
which the alloy cools. And the cooling curves of all possible combinations and

temperature constitute the equilibrium phase diagram.
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This method is based on the idea that if a hot system is allowed to cool freely in a
constant environment, any marked change in its rate of cooling at some temperature
indicates an evolution of heat due to a .change in the system itself. To determine the
cooling curve, a thermally-legged crucible of the alloy (often in a vacuum oOr an
atmosphere of inert gas) is allowed to cool slowly. Its temperature is measured at
frequent and regular intervals of time by means of a sensitive thermocouple
(platinum, rhodium, chromel-alumel, copper-constantan or silver-constantan). The hot
junction is protected by a thin refractory sheath and immersed in the metal, while its
cold junctions immersed in melting ice and connected to a potentiometer. In this way
cooling curves can be determined.

The cooling curve is affected by composition. If a pure metal is heated and then
cooled very slowly, its cooling curve may be plotted as shown in Figure 1(a). The |
curve ab represents the cooling of the melt. At temperature T and at point b, the pure
metal starts to the solid pure metal. Note that curve bc is level and that the phase ‘
change occurs at one temperature 7. From ¢ to Id the solid metal undergoes cooling.

In Figure 1 (b) two metals have been heated to point a where both are liquid and are ‘
dissolved in each other. On slow cooling they remain liquid until they reach T. at |
which temperature solidification starts. At £2 the solidification has been completed,
and the entire mixture is a solid solution. The cooling of the solid continues till point
d. Point b is the point where crystallization begins and is referred to as the liquidus
point. Point ¢ is the point of the curve where final solidification takes place. It is
referred to as the solidus point. Another type of cooling curve is one that exhibits
characteristics as shown in Figure 3(c). This occurs when two metals 4 and B are
soluble in the liquid state but insoluble in the solid state. In this mechanism the liquid

solution starts to cool at a . At b, pure metal 4 starts to form and precipitate out of the
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liquid phase. As the temperature drops from 7, to 72, pure metal 4 continues to
| precipitate. As metal 4 precipitatcs out, the ration of B to 4 increases and we say that
_ the liquid remaining becomes richer in B. This mechanism of freezing results in the
slope of the curve bc.

At c the freezing is that of the remaining metals of 4 and B. The temperature remains
constant until all solidification is complete at d. Line de represent the normal cooling

of the solid phases.

Supercool

Solid
solution

d

A 4

Time Time Time
(a) (b) (c.)

Figure 1. The effect of composition on the shape of cooling curves. (a)- Pure
metal, (b)- two metals have been heated to point a where both are liquid and are
dissolved in each other, (c)- two metals 4 and B are soluble in the liquid state
but insoluble in the solid state
The arrival at the liquidus is usually clearly indicated by a marked reduction in the
rate of cooling. Sometimes, in fact, there may be a small temporary rise of
temperature at the start of freezing. This is an indication of undercooling, which must
be minimized by slow cooling and continual stirring if accurate results are to be

obtained. At certain compositions, e.g. pure metal, eutectic alloy, intermediate phases
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which form directly from the melt, there is a clear arrest in the cooling curve when the
latent heat of freezing is released at constant temperature. In most alloys however
freezing occurs over a range of temperaﬁlre, which produces a rounded cooling curve
with a reduced slope. The final stage of freezing is usually rather poorly marked on
the cooling curve; the solidus in this case is better determined by other methods, €.g.
by heating curves or by quenching and microscopical examination. Where freezing is
completed at a eutectic line, however, there is a sharp arrest when the eutectic part of
the system freezes at constant temperature. The time of this arrest is proportional to
the fraction of eutectic structure in the alloy and so, by plotting it against composition
and extrapolating to zero time, the compositions of the solubility limits at the eutectic
temperature can be found. Instead of plotting the time, directly against the
temperature T. inverse rate curves are often constructed, in which d/dT is plotted
against T, as in Figure 2 . These indicate the change points more sensitively. They
can be constructed directly by plotting against temperature the times required for each
successive unit drop in temperature.

In this experiment the cooling curves are used to construct the phase diagram. So,
after constructing the cooling curves like those shown in Figure 1 for alloys of
different compositions (from 0 % to 100% A), the projection of these curves to form
a curve of temperature — compositions (phase diagram) should be done as shown in

Figure 3.
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T Inverse _‘l{
i
|
dt/dT "
Figure 2. Direct and Inverse cooling curves
t
Temperature,
Time
Composition

Figure 3. Projection of cooling curves (temperature — time coordinates ) to form

temperature composition curve (phase diagram)
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IV. The Experiment:

Material
¢ Pure lead granules
¢ Pure Tin granules
Equipment
¢ Analytical balance
¢ Furnace
¢ Crucible, tongs, stand, thermometer; stopwatch

Procedure
¢ Weigh varying proportions of lean and Tin.
¢ Mix the two proportions in the crucible.
# Place the crucible into the furnace.
¢ Set the furnace temperate at 350C-400C
¢ Wait for the alloy to melt, then remove the crucible from the furnace and
place it on the stand.
¢ Fix the thermometer.
¢ Record the temperature of the melt at intervals of 30 S.
¢ Continue stirring the melt until it solidifies.
¢ Plot a direct and inverse cooling curves, and indicate the arrest poijlts.
¢ Construct the Pb-Sn phase diagram using the results of other groups.
¢ Groups of students investigating the Pb=Sn systerﬁ should each prepare one

of the alloys from the table below:
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1 2 3 4

Pb 80% 60% 38% 20%

Sn 20% 40% 62% 80%

¢ Notes:
i) Put the lead in the crucible provided.
ii)Melt the lead and then add the tin, stir gently and remove any scum

formed.
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Student Notes
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Construction of equilibrium phase diagram

Name Section

Results:

Cooling curve of tin — lead system

Tin-lead phase diagram.
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Sectin V. Scientific terms and their meaning in Arabic
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Arabic Translation of the scientific terms in this book.
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Degree
Density
Device

Dial gauge
Dislocations
Disturbance
Domain

Drift

Driving Force

E

Eddy Current Testing

Element
Emery paper
Environment

Engineering strain

Engineering stress

Equipment
Error
Estimation
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Homogeneous

- Hot rolling
Hot shortness
Hot working

* Human factors
Hypereutectic
Hypereutectoid

Hypoeutectic
Hypo eutectoid

1
Inclusion

Indenter
Indentation
Influence
Instruments
Interpretation
Interval
Intergranular

L
Laboratory

Lag

Lamella
Limit

Lower bound
Liquidus

Liquid Penetration Inspection

M

Macroscopic Examination

Magnet Test
Magnification
Magnitude
Matrix

Mean value
Meaningful
Measurement

Mechanical properties
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Metallography
Metallurgy

Microscope

Microscopic examination
Microconstituent
Microvoids

Minimum

Mounting

N

Nitriding
Nominal
Nomenclature
Non-ferrous
Normal stress
Notation
Nucleus

o
Optical
Optical microscopy
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Probe

R

Radiography

~ Random

Range
Recording
Recrystallization
Reproducibility
 Replication
Requirement

Resilience
Response

S
Scale

Scratch test
Scattering

Secant modulus
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Shop testing
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Smooth

Solidus

Solid solution
Solubility
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Stainless steel
Standard deviation
Static
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Strain hardening
Strain rate

Stress

Striation
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System

I
Technical writing

T-distribution
Temperature
Tension
Theorem

Tie line
Toughness
True strain
True stress

U
Ultimate tensile strength

Ultrasonic test
Unary phase diagram
Uncertainty

Upper bound

| 4
Value

Variable
Vickers hardness

Visual observation

w
Wheel

Work hardening

Y
Yield strength

Young’s modulus
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Appendix A:

Values of selected physical constants, unit abbreviations, SI multiple and

submultible prefixes, and unit conversion factors

A.1. Values of Selected Physical Constants

Quantity Symbol SI Units cgs Units

Avogadro’s number Na 6.023 x 1023 6.023 x 1023
molecules/mol molecules/mol

Boltzmann’s constant k 1.38 x 10-23 /atom-K  1.38 x 107

erg/atom-K g
8.62x 107

eV/atem-K

Bohr magneton uB 9.27 x 10-24 A-rn? 9.27x 10

erglgauss

Electron charge e 1.602 x i0’~ C 4.8X 10710

statcoulb

Electron mass — 9.11 xi0~" kg 9.11 X 10%g

Gas constant R 8.31 i/mcl-K 1.987 cal/mol-K

Permeability of a vacuum Ko 1.257 x 10~ henry/rn unity®

Permittivity of a vacuum €0 8.85x 1012 farad/m  unity®

Planck’s constant h 6.63 x 10~ i-s 6.63 x 10'37 erg-s
4.13x 1100' ’eV-s

Velocity of light in a vacuum ¢ 3 x 108 rn/s 3X 10" cm/s

A.2. Unit Abbreviations

A= ampere in. = inch N = Newton
A’=  angstrom J=joule nrn =nanometer
Btu= British thermal unit K = degrees Kelvin P = poise

C=  Coulomb kg = kilogram Pa = pascal

°C= degreeé Celsius 1b; = pound force s = second

cal = calorie (gram) Ibm = _pouﬁd mass 1= temperature
cm centimeter rn = meter prn = micrometer
eV =electron volt ' Mg = megagram (micron) |

Op= degrees Fahrenheit mm = millimeter W = watt

ft = foot mol = mole psi = pounds per square
inch

g = gram MPa = megapascal  inch
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A.3. SI Multiple and Submultiple Prefixes

Factor by Which
Multiplied Prefix Symbol
10° giga G
106 mega M
10° kilo k
102 centi® c
102 milli m
10 _ micro 1}
10? nano n
1072 pico D
A.4. Unit conversion fa_ctors
Length
1 m—1010 A° 1A° =10 %m
hn—l(g Inm=10"
=10° pm 1pm=10"m
1m—103 11mm—102 m
Im=1 lem=10"m
1mm = 0.0394 in. 1in.=25.4 mm
1cm 0.394 in. 1in.=2.54 cm
1m=3.28 ft 1ft = 0.3048m
Area
Im? = 10420111 9 rn
ln:lm =10™ cm —10
1m*=10.76 ft 1 ﬁ2 0.093 m?
1 cm? = 0.1550 in? Iin?%=6.452 cm®
Volume
1m’=10%cm’ lem® =10° m®
1 mm® =103 cm’ 1 cm®=10° mm®
m’=35.32 ft’ If =0.0283 m’
1cm® =0.0610 in.2 1in>=16.39 cm’®
Mass
1Mg=10’kg 1kg=10"Mg
1kg=10’g 1g =10"kg
1 kg 2.205 Iby 1 1bm, 0.4536 kg
1kg=2.205%10"1by 1Ib,=453.6¢
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S RS L R ———

Densi
lk m’ —10 g/em’ 1 g/c m’

fma lg/cm’ ;’crn iy Mg/ I
1 kg/m? =0.0624 b/ 1 Ib/f2=16. 02 kg/m 1
1 gfem?= 62.4 Ib,/ 1 Ibn/f* =1.602 x 107 g/om’ f
1 g/em>=0.0361 Ibgy/In.? 1 Iby/in? = 27.7 glem’®
Force [
IN=10°dynes 1dyne= 10°N [
1 N =0.2248 Ib, ‘ 11bs =4.448 N ’i
Stress - '
1 MPa = 145 psi 1 psi =6.90 x 10 MPa |
1 MPa =0.102 kg/mm’ lkg/mm® =9.806 MPa |
1Pa = 10 dynes/cm> 1dyne/ecm’®= 0.10 Pa
1kg/mm? = 1422 psi Ipsi =7.03 x 10™ kg/mm? |
Fracture Toughness |

lpsi in."?=1.099x10°MPa m'"? 1MPa m"? =910 psi in.'? ‘
|

Energy

13=10’ ergs lerg=10"7 ‘
171=624x10"%eV 1eV=1.602x10"7J I
1J =0.239 cal lcal =4.184 J |
1J =9.48x 10™Btu 1btu =10541J - |
1J=0.738 ﬁ-1b1 1fi-Ibf = 1.356 J

leV= 383x10 cal 1cal=2.61x10"eV

1cal=3.97x 10 Btu 1 Btu=252.0 cal
Power

1W =0.239 cal/s lcal/s=4.184 W

1 W=3.414 Btulh 1Btw/h=0.293 W
I cal/s = 14.29 Btu/h I Btu/h = 0.070 cal/s

Wséosit_‘z

1Pa-s = 10P 1P=0.1 Pa-s

Temperature, T

Tg{éé 35 (T(o 21 + 273 | f‘” ﬁ 2731+ 32
Y=5/9 [1((01-2) 9/5 ETEK%)_}
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Specific Heat
1J/kg-K=239x%107 callg-K

1 Jfk%-lg, =2.39 x 10 BtU/Ibm°F
1 calle-"C = 1.0 BtU/Ibm-°F

Thermal Conductivity

1W/m-K = 2.39 x 10? cal/cm-s-K
1 W/m-K = 0.578 Btw/ft-h-°F
1 cal/cm-s-K = 241.8 Btw/ft-h-"F
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1 cal/g-°C =4184 J/kg-K
1BtU/Ibm-°F = 4184 J/kgK
1Btw/lbm-°F = 1.0 callg-

1 cal/cm-s-K = 418.4 W/m-K
1 Btw/ft-h-°F = 1.730 W/m-
1 Btw/ft-h-°F = 4.136 X 10 cal/cm-s-K



Appendix B:

Physical and chemical data for selected elements, Atomic and ionic radii of

selected elements.

B.1. Physical and Chemical Data for Selected Elements

Crystal
Structure
(at 20°C)

Melting_Point (°C) _ Atomic Number

Density
of Solid
Atomic at 20 °C
Mass
Number Element Symbol (amu) (Mg/in® = g/cm’)
1 Hydrogen H 1.008
2 Helium He 4,003
3 Lithium Li 6,941 0.533
4 Beryllium Be 0.012 1.85
5 Boron B 10.81 247
6 Carbon C 12.01 227
7 Nitrogen N 1401
8 Oxygen 0 16.00
9 Fluorine F 19.00
10 Neon Ne 20.8
II Sodium Na 2299 0.966
2 Magnesium Mc 24.3! 74
13 Aluminum Al 26.98 2.70
14 Silicon Si 28.09 2.33
IS Phosphorus P 30.97 1.82
(white)
16 Sulfur S 32.06 2.09
17 Chlorine Cl 35.45
IS Argon Ar 39.95
19 Potassium K 39.10 0862
20 Calcium Ca 40.08 .53
21 Scandium Sc 4496 2.99
22 Titaniuni Ti 4790 451
23 Vanadium Vv 50.94 6.09
24 Chromium Cr 52(8) 7.19
25 Manganese Mn 5494 7.47
26 Iron Fe 55.85 7.87
27 Cobalt Co 58.93 8.8
28 Nickel Ni 58.1! 8.91
29 Copper Cu 63.55 8.93
30 Zinc Zn 6538 713
31 Gallium Ga 69.72 591
32 Germanium Ge 72.59 5.32
33 Arsenic . As 74.92 5.78
34 Selenium Se 78.96 4.81
35 Bromine Br 79.90
36 Krypton Kr 83.80
37 Rubidium Rh 8547 1.53
38 Strontium Sr 87.62 258
39 Yitrium Y 88.91 448
40 Zirconium Zr 91.22 6.51
41 Niobium Nb 929! 8.58
42 Molyhdenum Mo 95.94 10.22
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—25914
—272.2
bece 180.54
hep 1278
2300
hex. —3550
—209,86
—2184
—219.62
—248.67
bee 97.81
hep 648.8
fce 660.37
dia. cub, 1410
ortho. 44,1
(whilcl
ortho. 112.8
— 100.98
1892
hee 63.65
fee 839
fee 1539 -
hep 1660
bce 1890
bce 1857
cubic 1244
bee 1535
hep 1495
fce 1453
fce 1083.4
hep 419.58
ortho, 2978
dia, cub. 937>4
rhombh. 817
(28 atm)
hex~ 217
—72
—156.6
hece 38.89
fee 769
hep 1523
hep 1852
bee 2468
bee 2617

4]

16

IS
19
20
21
22

24
25

27
28
29
30

3L

32
33

34
35
36
37
38
39
40

42




Continued

Atomic Atomic
Mass

Atomic

Number Element Symbol (amu)
43 Technetium Tc 98.91
44 Ruthenium Ru 101.07
45 Rhodium Rh 102.91
46 Palladium Pd 106.4
47 Silver Ag 107.87
48 Cadmium Cd 112.4
49 Indium In 114.82
50 Tin Sn 118.69
SI Antimony Sb 121.75
52 Tellurium Te 127.60
53 Todine | 126.90
54 XKenon Xe 131.30
55 Cesium Cs 132.91
56 Barium Ba 137.33
57 Lanthanum La 138.91
58 Cerium Ce 140.12
59 Praseodymium  Pr 140.91
60 Neodymium Nd -~ 144,24
61 Promethium Pm (145)
62 Samarium Sm 150.4
63 Europium Eu 151.96
64 Gadolinium Gd 157.25
65 Terbium Tb 158.93
66 Dysprosium Dy 162.50
67 Holmium Ho 16493
68 Erbium Er 167.26
69 Thulium Tm 168.93
70 Ytterbium Yb 173.04
s ) Lutetium Lu 174.97
72 Hafnium Hf 178.49
73 Tantalum Ta 180.95
74 Tungsten w 183.85
75 Rhenium Re 186.2
76 Osmium Os 190.2
77 Iridium Jr 192.22
78 Platinum Pt 195.09
79 Gold Au 96.97
80 Mercury Hg 200.59
SI Thallium TI 204.37
82 Lead Pb 207.2
83 Bismuth Bi 208.98
92 Uranium U 238.03

Density Crystal
of Solid Structure
at 20 °C (at 20°C)
Melting
(Mg/in®= g/em®) Point __ (°C) Number
11.50 hep 2172 43
12.36 hep 2310 44
12.42 fee 1966 45
12.00 fee 1552 46
10.50 fee 961.93 47
8.65 hep 320.9 48
7.29 fet 156.61 49
7.29 bet 231.9681 50
6.69 rhomb. 630.74 SI
6.25 hex. 449.5 52
495 ortho. 113.5 53
—I111.9 54
1.91 bee 28.40 55
(~100)
3.59 bee 725 56
6.17 hex. 920 57
6.77 fee 798 58
6.78 hex. 931 59
7.00 hex. 1010 60
hex. ‘1080 61
7.54 rhomb. 1072 62
5.25 bec 822 63
7.87 hep 1311 64
827 hep 1360 65
8.53 hep 1409 66
8.80 hep 1470 67
9.04 hep 1522 68
9.33 hep 1545 69
6.97 fee 824 30
0.84 hep 1656 71
13.28 hep 2227 72
16.67 bec 2996 73
19.25 bee 3410 74
21.02 hep 3180 75
22.58 hep 3045 76
22.55 fce 2410 77
21.44 fee 1772 78
19.28 fee 1064.43 79
—38.87 80
11.87 hep 303.5 81
11.34 fec 327.502 82
9.80 rhombh. T3 83
19.05 ortho, 1132 92
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B.2. Atomic and Ionic Radii of Selected Elements

Atomic Atomic Radius Ton with Most Ionic Radius
. Number Symbol (nm) Common Valence (nm)
3 Li 0.152 Lit 0.078
4 Be 0.114 Be* 0.054 ;
5 B 0.097 B* 0.02 |
6 C 0.077 ™ <0.02 |
7 N 0.071 N " 0.01—0.02
8 0 0.060 02- 0.132
9 F s F- 0.133 |
11 Na ’ 0.186 Na' 0.098
12 Mg 0.160 Mg* 0.078 ‘
13 Al 0.143 AP 0.057 g
14 Si 0.117 Siv 0.039
15 P 0.109 P> 0.03—0.04 ||
16 R 0.106 §? 0.174 h
17 cl 0.107 Cl 0.181 |
19 K 0.231 K' 0.133
20 Ca 0.197 Ca* 0.106
21 Sc 0.160 Sc* 0.083
22 Ti 0.147 Tir 0.064
23 Vv 0.132 0.061
24 Cr 0.125 CrSt 0.064
25 Mn 0.112 Mn? 0.091
26 Fe 0.124 Fe’t 0.087
27 Co 0.125 Co* 0.082
28 Ni 0.125 Ni# 0.078
29 Cu 0.128 Cu' 0.096
30 Zn 0.133 Zn* 0.083
31 - Ga 0.135 Ga't 0.062
32 Ge 0.122 Ge™ 0.044
35 Br 0.119 Br 0.196
39 Y 0.181 0.106
40 Zr 0.158 Zr* 0.087
41 Nb 0.143 Nb't 0.074
42 Mo 0.136 Mo* 0.068
46 Pd 0.137 Pd* 0.050
47 Ag 0.144 Ag' 0.113
48 Cd 0.150 Ccd* 0.103
50 Sn 0.158 Sn* 0.074
53 )i 0.136 1 0.220
55 Cs 0.265 Cs' 0.165
56 Ba 0217 Ba® 0.143
74 W 0.137 0.068
78 Pt 0.138 pt* 0.052
79 Au 0.144 Au' 0.137 |
80 Hg 0.150 Hg” 0.112
82 Pb 0175 Pb 0.132
92 U 0.138 u* 0.105
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Appendix C:
Diffusion data for selected materials
Activation energy (Q) Dy
Diffusion Couple (cal/mol) ( t:l_n2 /s)

Interstitial diffusion:

CmFCCiron 32,900 0.23
CinBCCiron 20,900 0-011
N in FCC iron 34,600 0.0034
N in BCC iron 18,300 0.0047
H in FCC iron 10,300 0.0063
H in BCC iron 3,600 0.0012
Self-diffusion (vacancy diffusion):
Pbin FCCPb 25,900 1.27
Alin FCC Al 32,200 0.10
Cuin FCC Cu 49,300 0.36
Fe in FCC Fe 66,700 0.65
Zn inHCPZn 21,800 0.1
Mg in HCP Mg : 32,200 1.0
Fe in BCC Fe 58,900 . 4.1
W InBCCW 143,300 1.88
Si in Si (covalent) 110,000 1800.0
C in C (covalent) 163,000 5.0
Heterogeneous diffusion (vacancy diffusion):
Ni inCu 57.900 2.3
Cu in Ni . 61,500 0.65
Zn in Cu 43.900 0.78
Ni in FCC iron 64,000 4.1
Auin Ag 45,500 0.26
Ag inAu 40,200 0.072
Al inCu 39,500 0.045
Al inAl,0; 114,000 28.0
0 in Al,O; 152,000 1900.0
Mg in MgO 79,000 0.249
0 in MgO 82.100 0.000043

From several sources including Y. Adda.and 5. Phlliberi, La Diffuswn darn Ies
Soiides. Vol.2. 1966.
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Appendix D normal and t-distributions tables
e * D.1. Normal distribution tables

Areas under the standard normal curve

0 z

Second Decimal Piace in z

z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 | 00000 00040 00080 0.0120 00160 00199 00239 00279 00319 0.0359

o1 0.0388 0.0438 0.0478 0.0517 00557 0.0596 00636 00675 00714 0.0753

62 | 00793 (00832 0.0871 00910 0.0948 00987 01026 01064 0.1103 0.1141

0.3 0.1179  0.1217 0.1255 0.1293 0.1331 0.1368 0.1406 0.1443 0.1480 0.1517

0.4 0.1554 0.1591 0.1628 0.1664 0.1700 0.1736 0.1772 0.1808 0.1844 01879

05 | 01915 01950 01985 02019 0.2054 02088 02123 02157 02190 02224

0.6 | 02257 0.2291 02324 02357 02389 02422 02454 02486 02517 02549

0.7 | 02580 02611 02642 02673 02704 02734 0.2764 02794 02823 02852

08 | 02881 02910 02939 02967 02995 03023 03051 03078 03106 03153

0.9 | 03159 03186 03212 03238 03264 03289 03315 023340 03365 03389

1.0 | 03413 03438 003461 0.3485 03508 03531 03554 03577 03599 03621

11 | 03643 03665 03686 03708 03729 03749 03770 03790 03810 03830

1.2 | 03849 03869 0.3888 03907 03925 03944 03962 03980 03997 04015

1.3 | 04032 04049 04066 04082 04099 04115 04131 04147 04162 04177 .I
14 | 04192 04207 04222 042368 04251 04265 04279 04292 04306 04319

1.5 | 04332 04345 04357 04370 04382 04394 04406 04418 04429 0.4441

1.6 | 04452 04483 04474 04484 04495 04505 04515 04525 04535 04545 ,
1.7 | 04554 04564 04573 04582 04591 04599 04608 04616 04625 04633

1.8 | 04641 04649 0.4656 04664 04671 04678 04686 04693 04699 04706

1.9 04713 0.4719 04726 04732 04738 04744 04750 04756 0.4761 04767 '
20 | 04772 04778 04783 04788 04793 04798 04803 04808 04812 0.4817 |
21 | 04821 04826 04830 04834 04838 04842 04846 04850 04854 0.4857

22 | 04861 04864 04868 04871 04875 04878 04881 04884 04887 04830

23 | 04893 04896 04898 04901 04904 04906 04909 04911 04913 04916

24 | 04918 04920 04922 04925 04927 04929 04931 04932 04934 04938 |
25 | 04938 04940 04941 04943 04945 04946 04948 04949 04951 0.4957

26 | 04953 04955 04956 04957 04959 04960 04961 04962 04963 04964 |
27 | 04965 04966 04967 04968 04969 0.4970 04971. 04972 04973 04974 '
28 0.4974 04975 04976 04977 04977 0.4978 0.4979 04979 0.4980 (1.4881

29 | 04981 04982 04982 04983 04984 04984 04985 04985 04986 0.4986

3.0 | 04987 04987 04987 04988 04988 04989 04985 04989 04990 04990 [
3.1 ] 04990 04991 04991 04991 04992 04992 04992 04992 04993 0.4993

32 | 04993 04993 04994 04994 04994 04994 04994 04995 04995 0.4995 |
33 | 04995 04995 04995 04996 04996 04996 04996 04996 04996 0.4997 |
34 | 04997 04997 04997 04997 04997 04997 04997 04997 04997 04998

35 | 04998 04998 04998 04998 04998 04998 04998 04998 04998 04998

J.6 | 04998 0.4998 04999 04999 04999 04999 04999 04999 04998 0.4999

3.7 | 04999 04999 04999 04999 04999 04999 04099 0.4999 04999 04995

38 | 04989 04999 04999 04999 04999 04999 04999 0.4999 04999 04999

39 | o0s000° :

"For z = 390, the areas are 0,5000 (o four decimat places.




D.2.t-distribution table

Student’s t-distribution (values of t, .}

0 r(‘
v to.1o toos to.02s to.01 t5.00s v
1| 3.078 6.314 12.706  31.821 63.657 1
2| 1886 2920 4.303 6.965 9.925 2
3| 1.638 2.353 3.182 4.541 5.841 3
4 | 1.533 2.132 2.776 3.747 4.604 4
5| 1476 2015 2.571 3.365 4,032 5
6 | 1.440 1.943 2.447 3.143 3.707 6
7 | 1.415 1.895 2.365 2.998 3.499 7
8 | 1.397 1.860 2.306 2.896 3.355 8
g | 1383 1.833 2.262 2.821 3.250 g
10 | 1.372 1.812 2.228 2.764 3.169 10
11 1.363 1.796 2.201 2718 3.106 11
12 | 1.356 1.782 2.179 2.681 3.055 12
13 | 1.350 1.771 2.160 2.650 3.012 13
14 | 1.345 1.761 2.145 2.624 2977 14
15 | 1.341 1.753 2.131 2.602 2.947 15
16 | 1.337 1.746 2.120 2.583 2.921 16
17 | 1.333 1.740 2110 2.567 2.898 17
18 | 1.330 1.734 2.101 2.552 2.878 18
19 | 1.328 1.729 2.093 2.539 2.861 19
20 1.325 1.725 2.086 2.528 2.845 20
21 1.323 .72 2.080° 2518 2.831 21
22 1.321 1.717 2.074 2.508 2.819 22
23 | 1319 1.714 2.069 2.500 2807 | 23
24 1.318 1.711 2.064 2.492 2.797 24
25 | 1.316 1.798 2.060 2.485 2.787 25
26 | 1.315 1.706 2.056 2.479 2779 | 26
27 | 1.314 1.703 2.052 2.473 2.771 27
28 | 1313 - 1.701 2.048 2.467 2763 | 28
29 | 1.311 1.699 2.045 2.482 2756 | 29
= | 1.282 1.645 1.960 2.326 2576 *
-260-







